CLIMATE CHANGE

Storm
Front
Climate change is the largest unhedged
risk in the world, write Daniel Bloch,
James Annan, and Justin Bowles

A

s climate change progresses over the coming decades, a widening range
of sectors will experience
climate change-related
damages. Climate outcomes, however,
are subject to a high degree of uncertainty due to not only the socio-economic dynamics of different
CO2 emission paths but also climate
sensitivity to existing and future
levels of CO2 in the atmosphere. In
the face of such uncertainties, states,
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industries, businesses, and individuals can adapt to climate outcomes,
mitigate their CO2 emissions (voluntarily or under regulatory duress), or
a combination of the two. The costs of
both adaptation and mitigation are,
however, high, thus introducing a significant degree of risk associated with

different potential climate outcomes.
Other than through the incidental
establishment of a catastrophe bond
market to manage weather-related
events like hurricanes, the derivatives
markets to date have provided few
if any tools to allow for the management of climate-related risks. The

authors believe that it is possible to
create a variety of instruments such
as the climate coupon bond presented
below that tackle the unique underlying, maturity, and hedging-related
challenges posed by climate change.
Further, project managers are already
taking multi-billion dollar climate
change-related risk decisions today
and the sums involved will inevitably
expand into the trillions as climate
change progresses. Thus, the need for
such instruments appears pressing.
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Introduction
A variety of scandals surrounding the findings of the Intergovernmental
Panel on Climate Change (IPCC, 2007), the failure of the 2009 United Nations
Climate Change Conference in Copenhagen to reach any binding agreement
on carbon emissions, and the continued fallout from the 2008 credit crisis
have all for a time taken attention away from the issue of global warming.
However, while no individual event can be attributed categorically to climate
change, the floods in Pakistan and fires in Russia over the summer of 2010
are completely consistent with a key prediction from global warming science; that is, extreme weather events will be experienced with increasing
frequency (see Schneider and Kuntz-Duriseti, 2002 and Kossin et al., 2007). At
the same time, more and more industries are discussing the slow-burn challenges of climate change face on. The first world conference on the future
of the wine industry under climate change only took place in 2005 and now
such conferences are ubiquitous. Viticulturists are painfully aware that the
centuries-old links between terroir and grape varietals are being upended.
Chardonnay and pinot noir are cool-weather vines and the more astute wine
growers of the Burgundy region of France know that over the next decade
or so they will no longer be able to grow them. Accordingly, climate change
as a risk management problem is a topic that will not go away. Indeed, from
a financial market practitioner perspective, the climate change skeptic
refrain that global warming science is subject to uncertainty and therefore
precludes any current action appears absurd: risk and uncertainty are the
lifeblood of financial markets and climate change is giving rise to greater
uncertainty and associated risks wherever we look.
Attaching precise figures to the aggregate costs associated with climate
change appears a pointless endeavor, given the complexities involved. But we
can already get an approximate idea of the orders of magnitude. The United
National Framework Convention on Climate Change (UNFCCC), within a
2007 report, estimated annual global investment of between US$171 bn and
US$449 bn was needed to cover the costs of adaptation to climate change by
2030. Leaving to one side that fact, recent surveys of the literature suggest
that the UNFCCC figures are significant underestimates, the sums involved
suggest the need for financial markets to facilitate the required investment
flows. Moreover, the actual realized costs will be dependent on the path of
climate change over the next few decades. Thus we have the necessity for
annual multi-billion dollar expenditures that are subject to a high degree of
variability. Given this background and the fact that the financials markets
have managed to innovate financial risk management products to deal with
such natural phenomena as hurricanes and earthquakes, it is surprising that
little financial technology has been developed to deal with the issue of climate
change. In the case of climate derivatives, three obstacles have appeared to be
insurmountable challenges to the development of a market. First, the nature
of the underlying; second, the maturities over which climate change evolves;
and third, the sustainability of a two-way market with natural hedgers on both
sides of the trade (thus negating the need for investment banks to take risk
onto their own balance sheets). In this article, the authors will propose instruments that we believe surmount these obstacles, but before we do this, it is
necessary to have a brief discussion of the key science behind climate change.

34

WILM_Climate_jan11.indd 34

Climate outcomes
Some facts and projections
The earth’s climate is not static and changes in response to a variety of natural causes, such as the interaction between the ocean and the atmosphere.
Since the Industrial Revolution, however, the atmosphere has changed in
composition, accelerating the process of climate change. Zwiers and Hegerl
(2008), studying global-scale surface temperature observations and reconstructions over the past few hundred years, showed that the twentieth-century temperature evolution is highly unusual relative to estimates of nonanthropogenic-related climate variability, and that greenhouse gas forcing
is likely responsible for a large fraction of the twentieth-century warming.
Based on the comparison of atmospheric samples contained in ice cores and
more recent direct measurements, the National Oceanic and Atmospheric
Administration (NOAA) has provided evidence that atmospheric CO2 concentration has increased substantially since the Industrial Revolution. For the
650,000 years leading up to the Industrial Revolution, atmospheric CO2 had
never been above 300 parts per million (ppm), but the current level is around
400 ppm. Moreover, the current rate of increase is unprecedented. Against
this background, it is the degree of atmospheric CO2 concentration coupled
with the sensitivity of the climate to such concentration that determines the
climate change outcome in terms of temperature.
The reports of the IPCC, which are published roughly every five to six
years, provide a snapshot of the state of climate change science as perceived
by leading experts in a variety of climate change fields. The numerous media
articles highlighting specific flaws within the IPCC reports should not distract financial professionals from the fact that no scientific body of national
or international standing rejects the broad conclusions of the IPCC with
respect to the role of greenhouse emissions in climate change.
Since projections of how climate will change in the future depend
heavily on human activity, the climate models in the IPCC reports are now
evaluated against a number of emission scenarios. Critically, a probability is
not attached to each scenario. In effect, the IPCC does not attempt to model
the socio-economic determinants of these scenarios themselves, but rather
hands policy makers a probabilistic road-map as to where the emission choices
they make will lead in terms of climate outcomes. From the perspective of
a project manager, who wants to focus on net potential climate outcomes,
as opposed to emission trajectories and respective climate sensitivities, the
IPCC analysis would appear to offer very shaky foundations when modeling
the relevant risk (see Kinzig and Starrett, 2003). It is worth noting, however,
that over a time frame of a few decades, two factors – emissions infrastructure and climate lags to accumulated CO2 emissions – allow us to give less
weight to the political, social, and economic aspects of carbon emission
trajectories.

Carbon emission scenarios
Emission trajectories over the time span of a few decades are predetermined
to a high degree by existing sunk or planned energy investment. Helm (2009)
notes that asset lives in the electricity industry are typically around 30 years
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and some coal generation in Europe and the USA up to 60 years. So, in order
to change marginal carbon intensity in 2030, or even 2050, the relevant decisions have to be made over the coming decade. A brief look at China’s energy
demands highlights the scale of the challenge. The International Energy
Outlook (2010), published by the US Energy Information Administration,
forecasts that China’s coal consumption will increase from 54.8 quadrillion
British thermal units (Btu) in 2007 to 112.4 quadrillion Btu in 2035 (global
consumption over this period would go from 132.4 to 206.5), in the process
sustaining an annual average increase in real GDP of 5.8 percent per annum.
Global CO2 emissions meanwhile would jump from 29.7 bn metric tons
to 42.4 bn metric tons per annum (13.3 bn of which would be from China).
Critically, given the primacy of China in the future energy equation, any significant emissions mitigation would need to see a massive move away from
coal in that country. But given China is also forecast by the IEA to increase its
nuclear power generation almost 10-fold and renewable power generation
four-fold, the infrastructure bottlenecks to be even more aggressive appear
insurmountable over a 30-year time frame. An alternative is for the country
to sacrifice its GDP growth rate in the name of carbon emissions control, but
that again appears unrealistic. In sum, current emission trajectories, which
are tracking along the IPCC’s most pessimistic scenario, have a high degree of
inertia.

Climate sensitivity to CO2
Modeling climate sensitivity to CO2
The absorption of infrared radiation by CO2, the fundamental physical basis
for global warming, can be replicated in any laboratory and in fact was first
done so by John Tyndall (1861) 150 years ago. The first paper to explicitly
draw a link between anthropogenic CO2 emissions and temperature rise was
by Wally Broecker (1975). At a time when temperatures had actually been
going down for decades, Broecker predicted an overall twentieth-century
global warming of 0.8°C due to CO2 and worried about the consequences for
agriculture and sea level. Since that time, the global temperature has been
studied extensively and complex models have been developed to predict climate change. For instance, in 1981 Hansen et al. predicted that the anthropogenic carbon dioxide warming would emerge from the noise level of natural
climate variability by the end of the century, much earlier than predicted by
other scientists. He used the second generation of the GISS model to estimate
the change in mean surface temperature based on a variety of scenarios
of future greenhouse gas emissions and concluded that global warming
would be evident within the next decades. Nowadays, the NASA GISS Surface
Temperature (GISTEMP) analysis provides a measure of the changing global
surface temperature with monthly resolution for the period since 1880,
when a reasonably global distribution of meteorological stations was established (see Hansen et al., 1999). The ultimate purpose of a model is to identify
the likely response of the climate system to a change in any of the parameters
and processes which control the state of the system. Currently, three-dimensional coupled atmosphere ocean general circulation models (AOGCMs) provide the most comprehensive description of the climate system.
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The effects of accumulated CO2
The extent to which CO2 remains in the atmosphere once emitted is critical to any climate model. Archer (2009) reviewed the past literature on the
atmospheric lifetime of fossil fuel CO2 and its impact on climate. A strong
consensus across models of global carbon cycling shows that climate perturbations from fossil fuel CO2 release extend hundreds of thousands of years
into the future. Even though the strengths of the pulses chosen by Archer
(2009) were fairly large, their conclusions remain valid in the real world.
In addition, the effect of greenhouse gas emissions on climate is not determined by current emissions but by accumulated emissions over the lifetime
of greenhouse gases in the atmosphere (see Hansen, 2009). Studies from the
Cenozoic climate suggest that the level of CO2 at which ice sheets began to
form as the planet cooled during the past 50 million years is about 450 ppm.
As global ice cover is reversible, an increase of atmospheric CO2 above that
level could set the course of the planet to an ice-free state. Once ice-sheet disintegration is underway, it can proceed under its own momentum and is unstoppable. Hence, large positive feedbacks combined with greenhouse gas already
accumulated in the air can carry climate to large rapid changes without any
additional forcing. According to Hansen’s analysis, it is necessary to return
atmospheric CO2 to 350 ppm or lower on a time scale of decades to have any

Current emission trajectories,
which are tracking along the
IPCC’s most pessimistic scenario,
have a high degree of inertia
hope that the ice sheets will not destabilize. Indeed, if coal CO2 emissions were
phased out over 2010–2030, then CO2 would peak at 400–425 ppm, However,
if coal usage continues to expand, CO2 will head to the 500–600 ppm range.
Currently, humankind has already released approximately 300 Pg C and will
surpass 1000 Pg C total release before the end of the century in the absence of a
serious effort to curb emissions. So even if greenhouse gas emissions that accumulate in the atmosphere and warm the climate stopped immediately, only
60 percent of global warming in response would take place over a 25–50-year
time period according to Hansen’s estimates. Subsequently, equilibration with
the ocean will absorb most of the CO2 on a time scale of two to 20 centuries,
while a not insubstantial fraction would remain in the atmosphere waiting to
be neutralized by slower chemical reactions over many millennia.
It is therefore reasonable to assume that no matter what we do, slowing
down emissions by 20 percent or 50 percent, temperatures will still rise for
generations. Consequently, when addressing climate change one has to not
only focus on mitigation in terms of slowing and ultimately reversing the
growth of greenhouse gas emissions, but also, and more importantly, on
adaptation to the coming effects of the emissions that have already occurred.
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A measure for climate sensitivity to CO2
The range of uncertainty on projected global mean surface air temperature given by the Third Assessment Report (TAR) for 2100 relative to 1990
was 1.4–5.8°C for the Special Report on Emissions Scenarios (SRES) (see
Bashmakov et al., 2001). However, there is no confidence attached to the
range; that is, the probability for temperature to rise above that range is
unknown. Moreover, the range combines uncertainties in both emission
scenarios and climate model responses and how they are interconnected.
It is generally agreed that the climate can be modeled as a mean-reverting
process with speed of mean reversion independent of human activities,
while external forcing such as gas emissions are anthropogenic. As a result,
the uncertainty in climate response must be considered separately for each
emissions scenario, so that deriving likelihoods of warming across scenarios is problematic. To overcome this issue, probabilistic projections with a
variety of complex models and differing statistical methods have emerged.
Different models have different climate sensitivities, they are not all independent, they use different sets of forcing and quantify the common forcing
differently, and all account for carbon cycle–climate feedback uncertainties.
In order to interpret results in terms of probabilities, some scientists use a
probability distribution function (PDF) of global temperature increase. But
each distribution is conditional on the model, method, and data, and as
such they all are subjective. Even though there is no formal statistical way
of combining the results, Knutti and Allen (2008) tested six SRES scenarios
with CMIP3 AOGCM models and concluded that the choice of an overall
range encompassing the results from different methods was partly subjective. That is, high structural uncertainty, combined with a lack of formal
methods to aggregate results, imply more subjectivity in the calculation of a
PDF from multiple methods than from a single one. Hence, the ranges using
combined information from different methods given in AR4 (see Nicholls,
2007) are substantially wider than those given in the TAR for individual scenarios but the mean is very similar. This suggests that the effects of differences in forcing are not significant when averaged across all models. So, the
new models used in AR4 project changes in global temperature that are similar to those in the TAR; in other words, AR4 just combines all six scenarios
into a single projected range. The key point here is that the aggregation of
temperature ranges across scenarios should be avoided and instead constant
relative uncertainty across scenarios supported. This would provide a simple way of handing policy makers the relevant information on temperature
change.

A climate change derivatives market
Climate-related damages
The inter-relationships between future climate-related damages, mitigation
costs, and adaptation costs are highly complex (see Ackerman et al., 2010).
The most widely known model of the economics of climate change, the
Dynamic Integrated Model of Climate and the Economy (DICE) developed
by William Nordhaus (2008b), rests on a damage function that assumes
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damages are proportional to world output and are polynomial functions
of global mean temperature changes. Estimated damages are included
for major sectors such as agriculture, the cost of sea level rise, negative
health-related effects, and also non-market damages such as species loss.
Nordhaus, however, characterizes the damage equation in the model as
“extremely conjectural, given the thin base of empirical studies on which it
rests.”
From a risk manager perspective, such macro-economic considerations
are less important that the perceived risks faced by a particular project in a
particular region, and over the specified life of the project. Despite the time
scales over which climate change takes place, Hallegatte (2007) notes that
there are a number of large economic sectors whose times scales are so large
“that what they will look like at the end of the century will for a large part
be decided in the next decades.” These sectors include housing, urbanization, energy production, and flood management to name just a few. As an
example, he notes the building turnover time in France is around 150 years,
so that buildings built now will have to cope with climate conditions well
into the next century, but climate change is proceeding at a rate that will
significantly alter environmental conditions over a much more truncated
time scale. More concretely, Hallegate (2007) highlights the fact that the climate in Paris in 2080 will come to resemble that of present-day Bordeaux in
France, according to the best estimate of the Meteo-France model or Cordoba
in the south of Spain, according to that of the Hadley Centre model (see
Collins et al., 2001). The equivalent climate condition to be experienced by
London in 2080 will be that of Nantes in France or Porto in Portugal, respectively. The paper then goes on to note that if we knew the precise characteristics of climate change it would be relatively cheap to build in adaptive capabilities to make buildings more resilient to heat waves and more efficient to
air-condition. However, in Hallegate’s words: “But today, uncertainty about
future conditions means it is difficult to make well-informed decisions in
anticipation of a changing climate, especially given the risks of large sunk
costs arising from efforts to mitigate the anticipated climate change. That
means delayed, accelerated, and expensive corrective measures might be necessary in the future.”
The creation of a climate change derivatives market appears a logical
response to this dilemma, and we will start by looking at the specific case of
sea level rise since project managers of some large-budget flood management
projects are already grappling with the risk implications of climate change
(see Brooks et al., 2006).

Climate derivatives and sea level rise
Sea level rise has a direct physical impact through greater flooding of coastal
land as well as longer-term effects including increased erosion (see Titus,
1998). Coastal impacts depend on relative sea level rise; for instance, local sea
rises more rapidly than the global average where coasts are subsiding such
as in the deltas of south and east Asia (see Nicholls, 2007). However, in developed countries, most populated coasts have become increasingly engineered,
providing widespread protection against forced retreat, but at a tremendous
cost (see Bosello et al., 2007).
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Explaining global mean sea level
In contrast to global temperature, data on global sea level has only a short
history as tide gauge measurements are only available since the late nineteenth-century. In this regard, we are going to quote some results on recent
sea level measures and let the reader refer to Nicholls and Cazenave (2010)
for a more detailed analysis. The first measurements indicate a 1.7 ± 0.3
mm/year average rise in sea level since 1950. In the early 1990s, sea level was
measured with high-precision altimeter satellites, suggesting an acceleration in sea level rise with an average of 3.3 ± 0.4 mm/year. Thermal expansion
accounted for about 50 percent of sea level rise from 1993 to 2003, while the
glacier contributed to about 30 percent from 1993 to 2009. However, the data
indicate that Greenland and West Antartica mass loss is accelerating and
their contribution to sea level rise has almost doubled since 2003. It is now
estimated that on average, total land ice mass loss explains about 60 percent
of the sea level rise. Furthermore, it was recently observed that warming of
subsurface ocean water impacts directly on glaciers whose grounding line is
below sea level, triggering coastal ice discharge. This dynamic process is crucial for understanding future sea level rise, but the timing and magnitude of
shifts in equilibrium are still unknown. The complexity of dynamic ice sheet
processes led the authors of the AR4 to exclude them (see Nicholls, 2007).
However, semi-empirical approaches have recently been developed in which
a simple relation between past sea level rate and temperature is determined
and extrapolated in the future using external forcing (see Rahmstorf, 2007a
and Vermeer and Rahmstorf, 2009). These models have raised both the best
estimate of sea level and range of outcomes as compared with those presented
within AR4.

the framework of random dynamical systems (see Penland, 1989), combined
with jumps to consider climate forcing (Bloch et al., 2010b).
It should be noted that a weather futures market has already been developed, and standardized contracts already trade on the Chicago Mercantile
Exchange (CME) and London International Financial Futures Exchange
(LIFFE). Temperature-related weather derivatives are the most traded products, where the underlying, called the Heating Degree Days (HDD) or Cooling
Degree Days (CDD), is a non-linear function of the daily temperature. Thus

The equivalent climate condition to be experienced by
London in 2080 will be that of
Nantes in France or Porto in
Portugal, respectively
the markets have already become comfortable with a temperature-related
non-tradable underlying, even if the dynamics determining climate as
opposed to weather are somewhat different.

Modeling the underlying dynamics

A case study: Delta Works

Building on such recent work, Bloch et al. (2010a) developed a climate model
for pricing climate derivatives that used a modified semi-empirical approach
(we refer you to this paper for a fuller treatment). In simple terms, the atmosphere and ocean are fluids in continuous motion described as organized but
chaotic. The chaotic component of the motion makes it impossible to predict
the temperature over a short time horizon. On the other hand, the climate
system has great inertia, mainly due to the ocean, and one can estimate the
time it takes for the climate to respond to external forcing. As explained by
Hansen (2009), one must recognize the difference between chaotic weather
fluctuations and the deterministic response of the earth to a large change in
the planet’s energy balance. Hence, the uncertainty affecting the underlying
of the climate derivatives results from observed small movements, providing
information that can be exploited through defining a model for the dynamics of the underlying. To make climate predictions, global climate research
uses a combination of measurements and physics-based numerical models.
However, there is a broad variety of characteristic time scales for climate variables ranging from several years to many millennia (see Tsonis et al., 1998). As
the lifetimes of financial contracts or budget planning horizons of insurance
companies are of the order of a few years to a few decades, only short-scale
climate variables should matter in our consideration. One standard method
is based on a low-dimensional linear model of the most relevant factors in

We will briefly present a specific case study, the Delta Works in the
Netherlands, one of the world’s largest ever engineering projects, to illustrate the potential damages posed by climate change and estimated adaptation costs. The Delta Works are a series of sea defense constructions that were
undertaken between 1950 and 1997. The works were pioneering for their
time in using a risk framework called the Delta norm (later formerly legislated as the Delta law) that set down acceptable risks according to the economic
value of the areas involved and the likelihood of adverse outcomes. For example, the economically important South Holland area, which is home to four
million people, has a level of protection deemed capable of withstanding
flood conditions up to one flood per 10,000 years.
While the works were completed in 1997 after almost 50 years, a review
took place in 2008 to reflect the expected impacts of climate change (see
Veerman, 2008). The central conclusion of the report was that the level of
flood protection needed to be raised by a factor of 10, based on a potential
regional sea level rise of 0.65 m to 1.3 m by 2100 along with increased winter
discharge of the Rhine and Meuse rivers due to climate-related increased
precipitation in order to maintain acceptable levels of flood risk. The cost of
the newly envisaged Delta program was set as 1.2–1.6 bn euros per year over
the 2010 to 2050 time period and 0.9–1.5 bn per year in the 2050–2100 time
period.
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The Delta Commission’s findings help illustrate some of the characteristics of risk management in a global warming context. First the costs, and
associated financing needs, of this one project alone amount to around 50 bn
euro through to 2050. Second, given the long lead times of the construction
works, expenditure decisions must be taken now to avoid adverse outcomes
that may be decades in the future. Third, near-term decisions must be taken
in spite of the considerable uncertainties associated with emission trajectories, temperature sensitivity to CO2 concentrations and the sea level response
to temperature. Fourth, costs, risks, and benefits must be apportioned across
generations. The authors believe that climate-related derivatives are able to
make a contribution to all these risk management problems.
But first we should note the analysis by Titus et al., (1987), which showed
that the costs of building a project to defend against a specific extent of sea
level rise at inception was smaller than that of excluding such expenditure
and retrofitting the project at a later date should the need arise (an example
of the type of dilemma Hallegatte highlighted above). Now the manager
behind the new Delta Works climate project is faced with a conundrum.

We propose that the Delta
Works financing agency issue
a climate coupon bond, which
appears a relatively plain vanilla
instrument that could be developed by an investment bank
Expenditures made now will be borne by the current generation, but the
benefits will accrue to future generations. Moreover, it is cheaper to build
a higher specification sea defense at inception, but the benefits of such a
specification will again only accrue to a future generation in the event that a
more pessimistic sea level outcome is realized.
In Bloch et al. (2010a), we proposed a climate default swap as a solution
to this kind of problem. However, in this article we propose that the Delta
Works financing agency issue a climate coupon bond, which appears a relatively plain vanilla instrument that could be developed by an investment
bank. Simplistically, the bond would pay a low coupon contingent upon a
series of step-wise sea levels not being exceeded. Should sea level rise on a
trajectory suggesting the Delta Commission’s low-end sea rise projection of
0.65 m by 2100, the coupon would remain at the low level for the life of the
bond, say 20 or 30 years. Note that the information gathered with respect to
sea level rise over that 20–30 years would have a major impact on forecasting
expected outcomes to 2100. Sea level is currently rising at around 3 mm per
annum, so in order for more pessimistic outcomes for 2100 to be realized, we
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should expect the rate of increase to move considerably higher over the next
two decades. Should sea level rise accelerate, it would trigger a jump in the
coupon. Now the structure of this bond achieves a number of goals. First it
provides the Delta Works financing agency with an initial source of low costs
funds, thus lowering the cost to a current generation who will not reap the
future benefits of these flood defenses. Alternatively, or in combination, the
agency could build early-stage flood defenses to a higher specification, thus
avoiding expensive catch-up refitting expenditures in the future. Second,
should a pessimistic sea level outcome materialize, the cost of the higher
coupon will be borne more by future tax payers who will reap the benefits of
the flood defenses. Thirdly, should a pessimistic sea level outcome not materialize, future tax payers will not have to pay a higher coupon.
Who would be a potential buyer of the bond? Any coastal project that
has already been built but would potentially be threatened by a pessimistic sea level rise outcome appears an obvious candidate. The science of sea
level rise has evolved rapidly over the last few years, and the best estimate
and expected range of outcomes have all jumped. Under a negative sea level
rise outcome, the valuation of much coastal real estate would move from in
effect a freehold basis to a leasehold basis unless costly adaptation measures
are undertaken – the de facto leasehold expiring when the land is inundated
by the sea. Again, it is important to note that the market would discount a
negative outcome far in advance. Should the non-linear melt dynamics of
the Greenland or West Antarctic ice sheets cause a sudden increase of sea
level rise from 3 mm per annum to 5 mm per annum over the next decade,
the market would, for example, respond aggressively by discounting beachfront properties. In reality, most coastal property, particularly in developed
countries, would be defended, but the costs of retrofitting sea defense would
be substantial. For the Gulf States, most of whose citizens are located on lowlying areas bordering the sea, the purchase of a climate coupon bond from
the Delta Works financing agency would provide a useful hedge. It would
also provide something of a hedge against a far more anti-carbon global
regulatory stance being enacted should a negative global warming scenario
unfold, but we will return to this topic later in the article.

The climate coupon bond
We consider the probability space (Ω, F , ⺠) where Ft is a right continuous filtration including all ⺠ negligible sets in F. For simplicity of exposition, given
a market price of risk λ, we will assume that there exist an equivalent martingale measure » λ denoted by ». We consider the process (Xt)t ≥ 0 to be the
underlying global sea level or global temperature and let τ = inf{t; Xt < b} be
the first exit time with barrier level b. We discretize the maturity into n timesteps representing the fixing period such that T = nΔt, that is T0 < T1 < ... < Tn.
Considering the fixing date Ti we assume that for t ∈ [0, T], the strike K(t) is
n
piecewise constant given by K(t) = i=1 kiI[Ti −1, Ti](t), where ki is a positive constant. We let the coupon at time Ti be a random flux paying small coupon
SCpn if a fraction of the underlying is below strike and big coupon BCpn
when the strike barrier is crossed. Therefore, the buyer of protection sells the
product in exchange for a lump sum while the seller of protection or investor buys the product. We are going to consider two cases, a school case and

Σ
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a more complex structure. First, for every path of the simulation, we let the
present value of the climate coupon bond (advanced) be
n

(

)(

( )

)

( )

PV = ¨ e  µ 0 rs ds Ti  Ti1 SCpn Ti1 I{ X < K ( T )} + BCpn Ti1 I{ X v K ( T )} + e  µ 0
i
Ti
i
Ti
i =1
Ti

Tn

rs ds

NO

where No is the nominal. In general, the big or small coupon can either be
a cash value or a function of time. This product being linear, assuming stochastic interest rates, its present value at time t0 = 0 decomposes as a sum of
digital options under the »T forward measure
n

PV (t 0 ) = ¨ (Ti  Ti1 ) B(t 0 , Ti )(SCpn(Ti1 ) EtT0 [ I{ X
i =1

Ti

T
} ] + BCpn(Ti1 ) Et [ I{ X

< K ( Ti )

0

Ti

} ]) + B(t 0 , Tn ) N o

v K ( Ti )

where each term is expressed as a coupon weighted by a probability of exercise. In this structure the principal is not impacted by a default event so that
it is protected. The exit time of the risky coupon bond has been replaced by
a one-touch barrier and the incentive for the buyer and seller of the claim
is passed on the coupons. To guarantee a net present value of $1 when the
principal is protected, we conditioned the coupon on the outcome of a digital
option giving bigger coupon if the barrier is breached and smaller coupon
otherwise. There are many different ways we can define the big and small
coupon. For instance, if we let the coupon of a risk-free coupon bond be Cpn (Ti)
at time Ti, we can assume that the big coupon and small coupon are given by
BCpn(Ti) = Cpn(Ti) + SpT (t0)
SCpn(Ti) = Cpn(Ti) − SpT (t0)
where the spread Sp(t0) is a positive constant. Then the present value of the
bond is
n

n

i =1

i =1

PV (t 0 ) = ¨ (Ti  Ti1 )B(t 0 , Ti )Cpn(Ti1 ) + SpT (t 0 )¨ (Ti  Ti1 )B(t 0 , Ti )(2EtT0 [ I{X T v K ( T )} ]  1)
i

i

+B(t 0 , Tn ) N o

which is a standard coupon bond plus a weighted sum of digital options multiplying a spread. In case where the event {XTi ≥ K(Ti)} is null with probability
one, the present value becomes
n

n

i =1

i =1

PV (t 0 ) = ¨ (Ti  Ti1 )B(t 0 , Ti )Cpn(Ti1 )  SpT (t 0 )¨ (Ti  Ti1 )B(t 0 , Ti ) + B(t 0 , Tni ) N o

and the yield is reduced as each coupon becomes Cpn(Ti − 1) − SpT(t0), but the
seller of the bond gets cheap finance. While if the event {XTi < K(Ti)} is null
with probability one, the present value becomes
n

n

i =1

i =1

PV (t 0 ) = ¨ (Ti  Ti1 )B(t 0 , Ti )Cpn(Ti1 ) +
 SpT (t 0 )¨ (Ti  Ti1 )B(t 0 , Ti ) + B(t 0 , Tni ) N o

and the buyer of the bond gets a higher yield since each coupon becomes
Cpn(Ti − 1) + SpT(t0). In the special case where PtT0 ( X Ti v K (Ti )) = 12 , we recover the
risk-free coupon bond. We are now going to consider a more interesting case
where the market is bullish and as such expects the underlying to go up. We
know that when we let the notional be conditional on the default probabil-
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ity, the discount rates are lowered and we must reduce the coupons so that
the present value of the claim does not exceed $1. As a result, in our modified coupon bond we can significantly lower the small coupon and make
the big coupon slightly above standard coupon. As a result, the issuer of the
climate coupon bond gets very cheap funding. The present value of the claim
becomes
n

PV (t 0 ) = ¨ (Ti  Ti1 )B(t 0 , Ti )(SCpn(Ti1 ) EtT0 [ I{X T < K ( Ti )} ] + BCpn(Ti1 ) EtT0 [ I{xT v K ( Ti )} ])
i =1

i

i

+ B(t 0 , Tn ) N o (1  RP T ( X Tn v K (Tn )))

where SCpn(Ti) << Cpn(Ti). Again, if event {XTi < K(Ti)} is null with probability
one the yield is increased, but if event {XTi ≥ K(Ti)} is null with probability one
the yield is hugely reduced.

Mitigation
The cost of mitigation
The costs related to climate change come in two major forms: adaptation, as
outlined above, and mitigation. Mitigation measures are in effect devices to
raise the price of carbon to take account of the externalities associated with
carbon emissions. The problem with mitigation is how to make it economically viable. With a peak of population estimated around nine billion people,
energy consumption is naturally growing with expected aggregate energy
being massively greater than today. In the International Energy Outlook
(IEO) 2010 Reference case, which does not include prospective legislation
or policies, world marketed energy consumption grows by 49 percent from
2007 to 2035. Total world energy use rises from 495 quadrillion Btu in 2007
to 590 quadrillion Btu in 2020 and 739 quadrillion Btu in 2035. Total nonOECD energy consumption increases by 84 percent in the Reference case,
mostly due to strong long-term growth in GDP, compared with a 14 percent
increase among OECD countries. Fossil fuels are expected to continue supplying much of the energy used worldwide. Currently fossil fuels look by far the
cheapest energy and are relatively easy to obtain, giving them a competitive
advantage over cleaner energy. An economically efficient approach to the
energy sector and climate would be to place a steadily rising price on carbon emissions, that is a flat fee on all carbon fuels. In theory, the fee would
cause energy costs to rise for fossil fuels but not for all energy, providing a
strong economic incentive for businesses to reduce fossil fuel consumption.
Eventually, the rising price of carbon would reduce the competitive advantage of the carbon industry while encouraging energy efficiency and a move
to sources that produce little or no carbon dioxide.
However, presently renewable energies such as wind and solar energy – as
well as nuclear power – cannot replace fossil fuel energy and will not do so
for a long time. In 2009, fossil fuels energy accounted for 78 percent of global
final energy consumption, nuclear energy represented only 2.8 percent,
and renewable energy accounted for about 19 percent – of which traditional
biomass accounts for 13 percent and hydropower represents 3.2 percent (see
Sawin and Martinot, 2010). Existing renewable power capacity worldwide
reached an estimated 1230 gigawatts (GW) in 2009, which is about a quarter
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of global power-generating capacity estimated at 4800 GW. However, if
large-scale hydropower, whose scaleability will reach natural limits, is not
included, renewables account for only 305 GW, which is 6.3 percent of the
total power capacity. Also, renewable energy supplies some 18 percent of global electricity production against 69 percent for fossil fuels and 13 percent
for nuclear.

The need for innovation
In short, renewable energy is expanding but its share of the global final
energy consumption relative to fossil fuels energy is small and will remain so
as the total world energy use is expected to grow in the near future at a faster
rate than that of renewable energy. Therefore, heavy development in fundamental research must be made in such fields as material science, modeling,
and storage capacity, to provide a better solution. The latest statistics from
REN21 (2010) suggest total investment in renewable energy capacity (excluding large hydro) was about $150 billion in 2009, with $101 billion in new
utility-scale renewable energy development and $50 billion in small-scale
projects. An additional $40–$50 billion was invested in large hydropower.
This represents about 40 percent of the annual investment in the oil and gas
industry of $380 billion. This level of investment is clearly not enough to
develop new reliable and economical energy that can be stored and transmitted. Thus, in order to encourage or force a large transfer of investment from
carbon to non-carbon forms of energy production, governments will need to
take a central role.

Carbon trading
In an ideal world, an effective global policy framework would reduce the
risks from climate change, but equitably and at the lowest cost. As explained
by Mills (2008), within such a policy framework, financial markets can play
mainly two roles in helping counter the negative effects of climate change:
first, by improving the efficiency of schemes aimed at reducing greenhouse
gas emissions and by allocating capital to cleaner technologies; second, by
cutting the costs of adaptation to climate change. In the first case, regulatory
restrictions, emissions taxes, or schemes to cap emissions and allow the
trading of permits can be used as mitigation strategies. In the second case,
markets can reallocate capital to those sectors of the economy best able to
adapt to the physical effects of global warming such as sea level rise. To date,
the only significant involvement of financial markets has been in the form of
various cap and trade mechanisms around the world, by far the most important of which has been the European Union Emissions Trading Scheme (EU
ETS). Unfortunately, the results of these schemes have been lackluster. In
the case of the EU ETS system, the price volatility of price allowances has
been extreme given the complete inelasticity of supply of permits and high
inelasticity of demand over the short term. Further, the system has been
marred by rent-seeking behavior as participants are in effect incentivized to
maximize revenue from carbon credits rather than focus on actual cutting
of greenhouse gas emissions. Taken in the overall context of world climate
summit objectives, cap and trade mechanisms give the impression of help-
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ing to perpetuate illusionary commitments. Indeed, the main objective of
the world summits on climate is to decrease greenhouse gas emissions by 25
percent to 40 percent below the 1990 level in order to limit global warming
to 2°C by 2020. At the current time, the promises made by the industrialized
countries at the Copenhagen summit will reduce CO2 emissions by no more
than 14 percent to 18 percent by 2020. However, a new study by SEI senior
scientist Kartha presented at the Third World Network at the Bonn climate
talks, showed that most of the objectives will be met without a real reduction
of greenhouse gases. On the contrary, loopholes in the current negotiating
text would actually allow rich nations to increase greenhouse gas emissions over the next decade by 9 percent (see Vidal, 2010). This is explained

To date, the only significant
involvement of financial markets has been in the form of
various cap and trade mechanisms around the world, by far
the most important of which
has been the European Union
Emissions Trading Scheme
by the surplus of allowances issued at the time of the Kyoto protocol (Phase
I see Uhrig-Homburg and Wagner, 2009). More specifically, those allocated
to Russia that could be traded on the carbon market. Allowances were also
allocated to farming activities and forest maintenance to stock carbon, while
emissions made by the aviation industry have not been accounted for. In
addition, industrialized countries receive allowances when financing green
projects in developing countries (Clean Development Mechanism, CMD). Put
together, such allowances account for more than 20 percent of greenhouse
gas in 1990 so that emission reduction commitments could be met without
any real reduction of CO2. Unfortunately, such criticisms were ignored by the
countries in question at the 2010 Bonn climate talks, increasing tensions and
endangering the reach of an agreement.

Climate derivatives and temperature rise
Despite the relative failure of quantity-type mechanisms such as cap and
trade to have a significant impact on carbon emissions to date (see Hepburn,
2006), political pressure for the introduction of some kind of carbon pricing
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framework will inevitably mount, along with the increasing frequency of
extreme weather events, which in turn will be a function of temperature
(see Ankirchner and Imkeller, 2008). The shift in attitudes toward global
warming by Russia’s political elite following this summer’s fires is a case
in point. Moreover, mainstream criticisms of such mechanisms as those by
Nordhaus (2008a) do not deny the large externalities associated with climate
change. Rather, they propose carbon tax-type solutions to tackle the social
cost of carbon. Given that no effective mitigation strategy is taking place at
present, Nordhaus’ DICE model is likely to show a rising social cost of carbon
as the years pass and the model will suggest an ever-rising carbon tax rate as
the most efficient policy solution. Further, recent empirical evidence since
AR4 suggesting more pessimistic climate outcomes, for example the unforeseen collapse in summer Arctic sea ice extent, will gradually be incorporated
in the DICE model, pushing the proposed carbon tax rate even higher. Thus
it will become increasingly difficult for politicians to take refuge in such
models citing the Saint Augustine-type defence of “lord make me virtuous,
but not yet.”

sensitivity to CO2. Furthermore, the fund’s portfolio is currently dominated
by equities, which would be expected to have a negative correlation with
temperature rise. In short, temperature rise would both cause economic
disruption through extreme weather events and through the introduction
of mitigation measures that would impose additional costs. Through buying a climate coupon bond designed around a series of temperature barriers, the GPF could extend low-cost financing contingent upon negative
climate change temperature outcomes not being met. Should such negative
outcomes eventualize, however, the coupon on the bond would jump. As
for who would issue such a bond, a prime candidate could be any firm or
government involved in the development of green technology – such as a
wind or solar energy farm. In such cases, the entity in question would be
searching for near-term cheap funding to pay for upfront costs and scale
the venture up to reduce marginal costs. Moreover, in a negative temperature outcome, the value of the entity’s output would rise as the sustainable
energy produced would potentially be competing against a carbon industry
subject to increasingly stringent emissions controls or a carbon tax of some

Weitzman (2009) pointed out that the correct response to the
problem of climate change was to estimate the likelihood of the
worst extremes of the possible outcomes. This is what climate
derivatives are about: estimating the probability for temperature
or sea level to be higher than a defined level at a given time
Accordingly, while major carbon emitters may have some success in
dominating the political agenda surrounding climate change over shortterm time horizons, their ability to do so over longer time periods will
diminish as empirical evidence on climate change continues to mount.
True, the very difficult prisoners’ dilemma dynamics of reaching a binding
global carbon tax regime appear insurmountable over the near term, but
carbon emission-based businesses in developed countries appear to face the
prospect of large and growing regulatory risk. A climate derivative based on
temperature rise, we believe, would allow such an entity to hedge some of
that risk.
Let us take as an example the Norwegian Government Pension Fund
(GPF), a sovereign wealth fund charged with managing the state’s surplus
petroleum income (see the Norwegian Ministry of Finance, 2008). As of June
2010, the fund held assets of US$449 bn. The value of the country’s oil and
natural gas reserves, and the ultimate source of revenue for the fund, are
exposed to the risk that global governments will introduce far more aggressive carbon pricing policies. The nature of this risk is particularly difficult
to hedge as it is difficult to forecast how global temperatures will evolve
over the next few decades due to the uncertainties with respect to climate
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kind. Such an issuer of the bond may be an attractive counterparty for the
GPF for reasons completely separate from mitigation risk hedging. The GPF
(and Norway itself) has very ambitious and binding climate change-related
targets, including the promotion of renewables. The purchase of such a
bond by the GPF would thus help it fulfill its climate policy remit.

Final thoughts
This paper sets out how climate change derivatives could help provide
useful, practical tools in the management of global warming risks, where
few such tools have existed to date. The use of natural phenomena as the
underlying has an established track record with weather derivatives, and
though climate demonstrates different characteristics from weather, the
differences are manageable. Moreover, we believe that instruments can be
designed that provide incentives and payoffs over the time horizons of climate change. Finally, a multitude of players on both sides of each trade will
inevitable appear as adaptation and mitigation costs move from the billions
to trillions of dollars over the next couple of decades.
The birth and growth of a climate derivatives market, however, would
also have other benefits beyond the management of risk. In a rapidly changing
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In a well-functioning market, financial penalty would keep away
incompetents, while experts would automatically be rewarded
for correcting any errors in the market prices, thus bringing true
consensus
world, only the most recent experiences can be relied on to inform our
future expectations. However, we do not have sufficient history or experience to rule out the potential for catastrophic risks from climate change.
Therefore, Weitzman (2009) pointed out that the correct response to the
problem of climate change was to estimate the likelihood of the worst
extremes of the possible outcomes. This is what climate derivatives are
about: estimating the probability for temperature or sea level to be higher
than a defined level at a given time. If the marginal probabilities of an event

happening at a future date were known, one could calculate the expected
value of climate outcomes. However, when the probabilities themselves are
unknown they become model-dependent. One can work out the probability
of global mean temperature being warmer 20 years from now by assuming
a process for the temperature, estimating the model parameters, and
computing the probability (see Hasselmann, 1976). That probability being
somewhat model-dependent, some climate change skeptics still question
the reliability of the IPCC assessments while others dispute forecast models.
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