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Carbon dioxide: the benefits

Foreword

By Freeman Dyson

Indur Goklany has done a careful job, collecting and documenting the evidence that
carbon dioxide in the atmosphere does far more good than harm. To any unpreju-
diced person reading this account, the facts should be obvious: that the non-climatic
effects of carbon dioxide as a sustainer of wildlife and crop plants are enormously
beneficial, that the possibly harmful climatic effects of carbon dioxide have been
greatly exaggerated, and that the benefits clearly outweigh the possible damage.

I consider myself an unprejudiced person and to me these facts are obvious. But
the same facts are not obvious to the majority of scientists and politicians who con-
sider carbon dioxide to be evil and dangerous. The people who are supposed to be
experts and who claim to understand the science are precisely the people who are
blind to the evidence. Those of my scientific colleagues who believe the prevailing
dogma about carbon dioxidewill not findGoklany’s evidence convincing. I hope that
a few of them will make the effort to examine the evidence in detail and see how
it contradicts the prevailing dogma, but I know that the majority will remain blind.
That is tome the central mystery of climate science. It is not a scientific mystery but a
human mystery. How does it happen that a whole generation of scientific experts is
blind to obvious facts? In this foreword I offer a tentative solution of the mystery.

There aremanyexamples in thehistoryof scienceof irrational beliefs promotedby
famous thinkers and adopted by loyal disciples. Sometimes, as in the use of bleeding
as a treatment for various diseases, irrational belief did harm to a large number of
human victims. George Washington was one of the victims. Other irrational beliefs,
such as the phlogiston theory of burning or the Aristotelian cosmology of circular
celestial motions, only did harm by delaying the careful examination of nature. In
all these cases, we see a community of people happily united in a false belief that
brought leaders and followers together. Anyonewhoquestioned theprevailingbelief
would upset the peace of the community.

Real advances in science require adifferent cultural tradition,with individualswho
invent new tools to explore nature and are not afraid to question authority. Science
driven by rebels and heretics searching for truth has made great progress in the last
three centuries. But the new culture of scientific scepticism is a recent growth and
has not yet penetrated deeply into our thinking. The old culture of group loyalty and
dogmatic belief is still alive under the surface, guiding the thoughts of scientists as
well as the opinions of ordinary citizens.

To understand human behavior, I look at human evolution. About a hundred
thousand years ago, our species invented a new kind of evolution. In addition to bio-
logical evolution based on genetic changes, we began a cultural evolution based on
social and intellectual changes. Biological evolution did not stop, but cultural evo-
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lution was much faster and quickly became dominant. Social customs and beliefs
change and spread much more rapidly than genes.

Cultural evolution was enabled by spoken languages and tribal loyalties. Tribe
competed with tribe and culture with culture. The cultures that prevailed were those
that promoted tribal cohesion. Humanswere always social animals, and culturemade
us even more social. We evolved to feel at home in a group that thinks alike. It was
more important for a group of humans to be united than to be right. It was always
dangerous and usually undesirable to question authority. When authority was seri-
ously threatened, heretics were burned at the stake.

I am suggesting that the thinking of politicians and scientists about controver-
sial issues today is still tribal. Science and politics are not essentially different from
other aspects of human culture. Science and politics are products of cultural evolu-
tion. Thinking about scientific questions is still presented to the public as a compet-
itive sport with winners and losers. For players of the sport with public reputations
to defend, it is more important to belong to a winning team than to examine the evi-
dence. Cultural evolutionwas centered for a hundred thousand years on tales told by
elders to children sitting around the cave fire. That cave-fire evolution gave us brains
that arewonderfully sensitive to fable and fantasy, but insensitive to facts and figures.
To enable a tribe to prevail in the harsh world of predators and prey, it was helpful to
have brains with strong emotional bonding to shared songs and stories. It was not
helpful to have brains questioning whether the stories were true. Our scientists and
politicians of the modern age evolved recently from the cave-children. They still, as
Charles Darwin remarked about human beings in general, bear the indelible stamp
of their lowly origin.

In the year 1978, the United States Department of Energy drew up a ‘Compre-
hensive Plan for Carbon Dioxide Effects Research and Assessment’, which fixed the
agenda of official discussions of carbon dioxide for the next 37 years. I wrote in a
memorandum protesting against the plan:

The direct effects of carbon dioxide increase on plant growth and interspecific
competition receive little attention. The plan is drawn up as if climatic change
were the only serious effect of carbon dioxide on human activities. . . In a com-
parison of the non-climatic with the climatic effects of carbon dioxide, the non-
climatic effects may be:

1. more certain,

2. more immediate,

3. easier to observe,

4. potentially at least as serious.

. . .Our research plan should address these issues directly, not as a mere side-line
to climatic studies.
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Carbon dioxide: the benefits

My protest received no attention and the Comprehensive Plan prevailed. As a re-
sult, the public perception of carbon dioxide has been dominated by the computer
climate-model expertswhodesigned theplan. The tribal group-thinkingof thatgroup
of experts was amplified and reinforced by a supportive political bureaucracy.

Indur Goklany has assembled a massive collection of evidence to demonstrate
two facts. First, the non-climatic effects of carbon dioxide are dominant over the
climatic effects and are overwhelmingly beneficial. Second, the climatic effects ob-
served in the real world are much less damaging than the effects predicted by the
climatemodels, and have also been frequently beneficial. I am hoping that the scien-
tists and politicians who have been blindly demonizing carbon dioxide for 37 years
will one day open their eyes and look at the evidence. Goklany and I do not claim
to be infallible. Like the climate-model experts, we have also evolved recently from
the culture of the cave-children. Like them, we have inherited our own set of prej-
udices and blindnesses. Truth emerges when different groups of explorers listen to
each other’s stories and correct each other’s mistakes.

Princeton
September 2015

FreemanDysonFRS,aworld-renownedtheoreticalphysicist, isProfessorEmeritusofMath-
ematical Physics and Astrophysics at the Institute of Advanced Study in Princeton where
he held a chair for many years. Dyson is the author of numerous widely read science
books. He is amember of the GWPFŚs Academic Advisory Council.

ix



About the author
Indur Goklany is an independent scholar and author. He was a member of the US
delegation that established the IPCC and helped develop its First Assessment Report.
He subsequently served as a US delegate to the IPCC, and an IPCC reviewer. He is a
member of the GWPF’s Academic Advisory Council.

x



Carbon dioxide: the benefits

Summary
1. This paper addresses the question of whether, and how much, increased carbon

dioxide concentrationshavebenefited thebiosphereandhumanityby stimulating
plant growth, warming the planet and increasing rainfall.

2. Empirical data confirms that the biosphere’s productivity has increased by about
14% since 1982, in large part as a result of rising carbon dioxide levels.

3. Thousands of scientific experiments indicate that increasing carbon dioxide con-
centrations in the air have contributed to increases in crop yields.

4. These increases in yield are very likely to have reduced the appropriation of land
for farming by 11–17% compared with what it would otherwise be, resulting in
more land being left wild.

5. Satellite evidence confirms that increasing carbon dioxide concentrations have
also resulted in greater productivity of wild terrestrial ecosystems in all vegetation
types.

6. Increasing carbon dioxide concentrations have also increased the productivity of
many marine ecosystems.

7. In recent decades, trends in climate-sensitive indicators of human and environ-
mental wellbeing have improved and continue to do so despite claims that they
would deteriorate because of global warming.

8. Compared with the benefits from carbon dioxide on crop and biosphere produc-
tivity, the adverse impacts of carbon dioxide – on the frequency and intensity of
extremeweather, on sea level, vector-borne disease prevalence andhumanhealth
– have been too small to measure or have been swamped by other factors.

9. Models used to influence policy on climate change have overestimated the rate
of warming, underestimated direct benefits of carbon dioxide, overestimated the
harms from climate change and underestimated human capacity to adapt so as to
capture the benefits while reducing the harms.

10. It is very likely that the impact of rising carbon dioxide concentrations is currently
net beneficial for both humanity and the biosphere generally. These benefits are
real, whereas the costs of warming are uncertain. Halting the increase in carbon
dioxide concentrations abruptly would deprive people and the planet of the ben-
efits of carbondioxidemuch sooner than theywould reduce any costs ofwarming.
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The benefits of carbon dioxide
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Carbon dioxide: the benefits

1 Introduction
Another process which withdraws carbonic acid [carbon dioxide] from the air is
the assimilation of plants. . . . [If ] the percentage of carbon dioxide be doubled,
the absorption by the plants would also be doubled. If, at the same time, the
temperature rises by 4◦, the vitality will increase in the ratio of 1:1.5, so that the
doublingof the carbondioxidepercentagewill lead to an increase in the absorp-
tion of carbonic acid by the plant approximately in the ratio of 1:3. An increase of
the carbon dioxide percentage to double its amount may hence be able to raise
the intensity of vegetable life. . . threefold.

Svante Arrhenius,Worlds in theMaking

By the influenceof the increasingpercentageof carbonic acid in theatmosphere,
we may hope to enjoy ages with more equable and better climates, especially
as regards the colder regions of the earth, ages when the earth will bring forth
muchmore abundant crops than at present, for the benefit of rapidly propagat-
ing mankind.

Svante Arrhenius,Worlds in theMaking 1

The Swedish chemist Svante Arrhenius, winner of the 1905 Nobel Prize for Chemistry,
was the first scientist to develop a quantitative relationship between the increase in
atmospheric carbon dioxide and global surface temperature. In 1895 he gave a paper
to the Stockholm Physical Society on ‘The influence of carbonic acid in the air upon
the temperature of the ground’. But this father of anthropogenic global warming
theory (AGW) also understood, as should anybody who has ever taken high school
biology, that carbon dioxide is plant food and essential to life on earth. From this
insight, he deduced that an increase in atmospheric carbon dioxide concentration
would benefit mankind by enhancing the growth of plants.

Anyone repeating Arrhenius’s conclusion today risks being branded as a ‘science
denier’ by some of the more committed proponents of the dangers of AGW. This
group, which tends to see the spectre of global warming in almost every adverse
weather event, has arguably had a disproportionate influence on the climate debate
because influential elements of the media often conflate, or otherwise fail to suffi-
ciently emphasize the distinction between, their views on global warming and the
more nuanced opinions of careful scientists.2,3,4,5

This paperwill further explore Arrhenius’s notion that, apart from its effects on cli-
mate, the direct effects of higher carbon dioxide levels may benefit mankind and the
natural world. This is a departure from the vastmajority of papers on global warming
impacts, which focus instead on the potential damage from higher carbon dioxide
levels. Based on the sheer volume of such papers, many believe that anthropogenic
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greenhouse gas (GHG) emissionswill result in rapidwarming, that we are alreadywit-
nessing its impacts, that these impacts are overwhelmingly negative, and that they
will only worsen over time.6,7,8,9,10,11 The alleged impacts include escalating hunger,
increases inmalaria and other vector-borne diseases, accelerating sea level rise, more
frequent and intense heat waves, storms, droughts, floods and other extreme events,
diminished access to water, and species extinctions. These impacts will, it is claimed,
reinforce each other, impoverishing populations and leading to a downward spiral in
human and environmental wellbeing, whichwould be further exacerbated as people
try to escape their fate throughmigration or by resorting to force to obtain food and
water, the basic necessities of life.

But, as will be shown in Part II of this study, there is little or no empirical evidence
that the warming that has occurred – or any changes it may have caused – since the
end of the last ice age or since the putative start of manmade warming around 1950
is actually causing net harm or diminishing human or environmental wellbeing. Yes,
there have been changes, but a change is not necessarily detrimental. In fact, the
changeshave frequentlybeenbeneficial, aswill bediscussed inSection7,whichdeals
with trends in various climate-sensitive indicators of human and environmental well-
being. Yet these are routinely ignored in discussions of manmade global warming.

This paper argues that thebenefits of increasing carbondioxide havebeenunder-
estimated, that the risks from increasing carbon dioxide have been overestimated,
and that carbon dioxide emission reduction policies will start to reduce the bene-
fits of higher carbon dioxide concentrations immediately, without reducing climate
change and its associated costs until much later, if at all.

2 Impacts of carbon dioxide on biological
productivity

Evidence for enhanced plant growth
That carbon dioxide is plant food has been known since the publication in 1804 of
Nicolas-Théodore de Saussure’s Recherches Chimiques sur la Végétation.12 Thousands
of experiments since then have shown that the majority of plants grow faster and
larger, both above and below ground, if they are exposed to higher carbon diox-
ide concentrations. The owners of commercial greenhouses routinely pump in car-
bon dioxide so as to enhance the growth rates of plants, and the optimal level for
plant growth is considered to be between 700 and 900 ppm,13 roughly twice today’s
ambient concentration of 400 ppm. However, plants may continue to respond posi-
tively at even higher carbon dioxide levels. For some species such as loblolly pine14

and cuphea,15 growth tops out at around 20,000 ppm or more. Indeed, it has been
shown that the addition of supplemental carbon dioxide to a greenhouse enhances
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the growth of lettuces even if the temperature of the greenhouse is lowered, thus
causing a net decrease in the carbon footprint of the operation.16

A database of peer-reviewed papers assembled from studies of the effect of car-
bondioxideonplant growthby theCenter for the StudyofCarbonDioxide andGlobal
Change (CSCDGC) shows that for the45 crops that account for 95%ofglobal croppro-
duction, an increase of 300 ppm of carbon dioxide would increase yields by between
5% and 78%.17 The median increase for these crops was 41% and the production-
weighted yield increase was 34.6%.

Experiments also show that the benefits of carbon dioxide for plants are not re-
stricted to faster and greater growth; the efficiencywithwhich they consumewater is
also increased. Consequently, all else being equal, under higher carbon dioxide con-
ditions, less water is needed to increase a plant’s biomass by any given amount. In
other words, higher carbon dioxide levels increase plants’ ability to adapt to water-
limited (or drought) conditions, precisely the conditions that are some environmen-
talists claim are already occurring – notwithstanding IPCC’s findings to the contrary –
or will occur in the future.

A recent experimental study on grasslands found that elevated levels of carbon
dioxide further lengthened thegrowing seasonunderwarmingconditions.18 The rea-
son for the increased adaptability is that the size and density of stomata – tiny pores
on the underside of leaves, which allow air, water vapour, and other gases to enter
and leave the plant – are typically reduced as carbon dioxide levels increase. Thus
higher carbon dioxide levels reduce water loss from the leaves. For the same reason,
higher carbon dioxide levels reduce the rate at which ozone and other gases toxic to
plants enter the plant, reducing the damage they inflict. In fact, Taub, in a summary
article notes, ‘Across experiments with all plant species, the enhancement of growth
by elevated carbon dioxide is much greater under conditions of ozone stress than
otherwise’.19

The IPCC AR5 WGI report acknowledges that ‘[f ]ield experiments provide a [sic]
direct evidence of increased photosynthesis rates and water use efficiency...in plants
growing under elevated carbon dioxide’.20 It also notes that this effect occurs inmore
than two thirds of the experiments and that net primary productivity (NPP) increases
by about 20–25% if carbon dioxide is doubled relative to the pre-industrial level.21
Previously it had been argued that these increases might not be sustainable over the
long term, but AR5 reports that new experimental evidence from long-term free-air
carbon dioxide enrichment (FACE) experiments in temperate ecosystems show that
these higher rates of carbon accumulation can be sustained for ‘multiple years’.22

In AR5, the IPCC says that the reduced carbon dioxide fertilisation effect seen in
some experiments and the complete absence in others is ‘very likely’ due to nitro-
gen limitation in temperate and boreal ecosystems, and phosphorus limitation in the
tropics, with a possible effect due to interaction with deficiencies of other micronu-
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trients such as molybdenum.23 The report concludes, ‘. . .with high confidence, the
carbon dioxide fertilisation effect will lead to enhanced NPP, but significant uncer-
tainties remain on themagnitude of this effect, given the lack of experiments outside
of temperate climates’.

But the IPCC protests too much. It overstates the uncertainty regarding the mag-
nitude of the effect under real world conditions. Consider managed ecosystems, par-
ticularly agriculture and forestry. Nutrient and micronutrient deficiencies are among
the many routine challenges faced by farmers and foresters. Managing them is not
terra incognita. Moreover, adaptations to cope with such deficiencies become more
likely as technology inexorably advances and societies become wealthier, as indeed
they are projected to become under all IPCC emission scenarios.24,25 Therefore, farm-
ers and foresters should be able to adapt successfully, unless some technologies are
foreclosed under a perverse application of the precautionary principle.26 Such per-
versity, however, cannot be ruled out given the antipathy of many environmentalists
towards biotechnology. Foreclosing options such as GM crops that would be more
resistant to drought, water logging, or other adverse conditions will increase the like-
lihood that environmentalists’ warnings – that AGW will lower food production and
increase hunger – become self-fulfilling prophecies.

It has also been suggested that carbon dioxide enrichment inhibits the assimila-
tion of nitrate into organic nitrogen compounds, which then may be largely respon-
sible for carbon dioxide acclimation, and a decline in photosynthesis and growth of
C3 plants, as well as a reduction in protein content because of the resulting increase
in the C/N ratio.27,28,29 While the precise cause(s) and biochemical pathway(s) respon-
sible for such acclimation are still being investigated, several approaches have been
proposed to limit, if not overcome, such acclimation. These include making more ni-
trogen available to the plant to match the increase in carbon, for example through
increased nitrogen fertilisation, greater reliance on ammonium rather than nitrate
fertilizers, or improving nitrogen uptake and nitrogen-use efficiency through the de-
velopment of new crop varieties via conventional breeding or bioengineering.30,31

Present-day contribution of carbon dioxide to increases in crop
yields
If more carbon dioxide increases the productivity of plants, how much have crop
yields increased so far because of carbondioxide increases since pre-industrial times?

Currently, the carbon dioxide level is at 400 ppm (0.04%). By comparison, the pre-
industrial level is estimated to have been 277 ppm (0.028%).32 If one assumes that
the carbon dioxide fertilisation effect on productivity increases linearly, then the AR5
estimate of a 20–25% yield increase for a doubling of carbon dioxide levels since pre-
industrial times translates into a 9–11% yield increase so far. Alternatively, a 34.6%
increase in yield from a 300-ppm increase in carbon dioxide concentration, as cal-
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culated by the CSCDGC,∗ translates into a 15% yield increase due to anthropogenic
emissions to date. These are underestimates if the growth response to increasing car-
bon dioxide levels bends downwards at higher concentrations.

These estimates suggest that a portion of the crop yield increases seen in recent
decades, which most observers credit to technological change, should actually be
credited to carbon dioxide fertilisation. A recent econometric analysis, which pooled
sixty years of historical dataonUScropyieldswithoutput fromFACE trials and records
of temperature, precipitation, and carbon dioxide levels, estimated that significant
proportions of observed yield increases could be attributed to carbon dioxide rather
than technological change (see Table 1).33 These estimates suggest that the bene-
ficial effect of carbon dioxide could be even greater than the 9–15% yield increase
estimated by CSCDGC.

Table 1: Proportion of yield increases attributable to carbon dioxide

Crop Proportion %

Cotton 51
Soybeans 15
Wheat 17
Corn 9
Sorghum 1

The same study also found that higher carbon dioxide levels are associated with
lower variation in yields for each crop. This is consistentwith thenotion that increased
carbon dioxide levels reduce the sensitivity of yield to other factors (e.g. water short-
ages and air pollution). All else being equal, lower variation translates into a more
stable supply of food, aswell asmore stable food prices, which benefits all consumers
everywhere.

Idso (2013) has attempted to translate these yield increases into amonetary value.
He finds that over 50 years the extra produce grown by farmers has been $274 billion
forwheat, $182 billion formaize and $579 billion for rice, and that the current value of
the carbondioxide fertilisationeffect onall crops is currently about $140billion a year.
Of course, these numbers cannot be precise, but note that they are based on actual
experimental data and existing yields, so they are far less speculative than monetary
measures of the harm due to future climate change and its impacts on food security
using models that have not been externally validated (see Section 8).34

∗ See p. 5

7



Impact of carbon dioxide enrichment on pests and weeds
All crops are engaged in a battle of attrition with fungal parasites, insect predators
andplant competitors, amongotherpests. Human intervention tohelp the cropspre-
vail, using pesticides, geneticmodification or by changing agronomic practices, is the
main determinant of howmuch of the crop is lost. However, it is possible that carbon
dioxide enrichment can improve the capacity of plants to resist pests.35 Insects donot
grow faster in higher concentrations of carbon dioxide, and while some experiments
show that carbon dioxide enrichment reduces crop resistance to pathogens,36 oth-
ers show that it can help crops resist such enemies. For example, in one experiment
doubling carbon dioxide levels in the air fully compensated for any growth reduc-
tion caused by a fungal pathogen in tomatoes.37 In another study, the parasitic weed
Striga hermonthica, which devastates many crops in sub-Saharan Africa, was shown
to do only half as much damage to rice yields when carbon dioxide concentrations
are doubled.38

In another study, higher carbondioxide levelswere found to enhance the produc-
tion of phenolic compounds in rice and, since these are known to inhibit the growth
of themost noxious weeds in rice fields, the authors conclude that the rise in the air’s
carbon dioxide concentration may well ‘increase plant resistance to specific weeds,
pests and pathogens’.39

Moreover,manycrops areC3plants andmanyweedsareC4plants,which respond
less to carbon dioxide enrichment. Thus as carbon dioxide levels rise, C3 crops may
enhance their growth ratesmore thanC4weeds do. A Chinese experiment tested this
idea by enriching carbon dioxide levels over plots of rice to almost twice the ambient
level. This enhanced the ear weight of the rice by 37.6%while reducing the growth of
a common weed, barnyard grass, by 47.9%, because the faster-growing rice shaded
the weeds.40 Figure 1 illustrates the differing responses to elevated carbon dioxide
concentrations of rice, a C3 plant, and the green foxtail Setaria viridis, a grass some-
times proposed as a geneticmodel system to study C4 photosynthesis.41,42 It is worth
noting that the vastmajority of plants are C3, perhaps because higher carbon dioxide
levels are more the norm in Earth’s history.

Contribution of carbon dioxide to increases in biological
productivity in unmanaged ecosystems
As early as 1985, Bacastow and colleagues detected a steady increase in the ampli-
tude of seasonal variation in the carbon dioxide levels in the northern hemisphere,43
and deduced that it implied an increase in summer vegetation. This was the first hint
of global greening, a phenomenon now established by satellite observations. More
recent aircraft-based observations of carbon dioxide above the north Pacific and the
Arctic Ocean indicate that between 1958–61 and 2009–11 the seasonal amplitude
at altitudes of 3–6 km increased by 25% for the northern hemisphere from 10◦N to
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30 cm

30 cm Rice (C3)

Setaria viridis (C4)

30 40 50 60 70 100 200 300 400 800 390

30 40 50 60 70 100 200 300 400 800 390

Figure 1: Carbon dioxide fertilisation of C3 crop and C4 weed

Source: von Caemmerer et al. (2012).

45◦N, and 50% from 45◦N to 90◦N.44 Satellite observations confirm that the increase
in greenness of theglobe is not confined tomanagedecosystems (such as croplands),
but is happening in unmanaged and lightlymanaged ecosystems too. Trend analysis
of global greenness using satellite data indicates that from 1982 to 2011 – a period
during which atmospheric carbon dioxide concentration increased by 15% – 31% of
the global vegetated area became greener while 3% became less green (see Figure
2).45

The productivity of global ecosystems has increased by 14% in aggregate. No-
tably, all vegetation types have greened,46 including tropical rain forests, deciduous
and evergreen boreal forests, scrubland, semi-deserts, grasslands and all other wild
ecosystems, including those that do not even have indirect input ofman-made nitro-
gen fertilizer. Some ecosystems show a relatively poorer response in NPP at higher
carbon dioxide levels. The progressive nitrogen limitation (PNL) hypothesis47 argues
that this is due to nitrogen deficiency. However, the human activities that are ma-
jor emitters of greenhouse gases – fossil fuel consumption and the use of nitrogen
fertilizers for agriculture – also emit so-called ‘reactive’ nitrogen, which can be used
directly or indirectly by biological organisms to grow. The concentration of N2O has
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Figure 2: Greening of the Earth, 1982–2011

Trends in gross annual productivity per decade in percentage terms.
Source: Zhu & Myneni 2014

risen by 7%over those 30 years. However, the evidence regarding the PNL hypothesis
is mixed.48,49,50,51,52,53,54

The increased greening detected via satellite and aircraft measurements is con-
sistent with the increases in crop yields seen over the past 50 years or more,55,56 but
also with a bottom-up estimate of changes in the amount of carbon sequestered in
forests.57 These forest stock-and-flux estimates are derived from on-the-ground for-
est inventory data and long-term ecosystem carbon studies, and represent 3.9 billion
hectares of global forests, or 95% of the total. They indicate that from 1990 to 2007
forests served as a net carbon sink, to the tune of 1.1 Pg C per year.

Other long-term on-the-ground observational records also find increased forest
growth. For example, an analysis of data from unmanaged or lightlymanaged stands
in central European forests, going back in some instances to 1870,† indicates that the
volume of 75-year-old stands of the dominant tree species grew 10–30% faster in
2000 than in 1960.58 The standing stock volumes were also greater in 2000 than in
1960, by 6–7%. Similarly, data ranging over 5–18 years indicate that carbon uptake
increased in six out of seven forests across thenortheast andmidwestUnited States.59

However, the 14% increase in global vegetation cannot be attributed entirely to
higher carbon dioxide levels and nitrogen deposition: part of it could also be due to
a more equable climate for plant growth, possibly because of AGW.

Donohoe et al. analyzed satellite observations after first processing them to re-

† Norway spruce and European beech.
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move the effect of variations in rainfall.60 Their results showed that the vegetation
cover across arid environments, where water is the dominant constraint to growth,
increased by 11% during the period 1982–2010, largely because of increased water-
use efficiency by plants at higher carbon dioxide concentrations. Unfortunately, esti-
mates of productivity increases solely from carbon dioxide increases are not available
for other ecosystems or the globe as a whole.

Of course, increases in plant production are likely to result in increases in aggre-
gate animal biomass too.

In summary, higher carbon dioxide levels increase both crop yields and biosphere
productivity more generally.

3 Ancillary benefits of increased biospheric
productivity

Improved humanwellbeing
Higher agricultural yields reduce food prices in general. This provides a double div-
idend for humanity. Firstly, it reduces chronic hunger, but secondly a reduction in
chronic hunger is the first step toward improvements in public health.61,62

Reduced habitat loss and pressure on biodiversity
No less important, higher yields also provide a double dividend for the rest of na-
ture. Firstly, they free up habitat for the rest of nature, which reduces the pressure
on ecosystems. Had it not been for the increase in yields of 9–15%, global cropland
would have had to be increased by a similar amount to produce the same amount of
food, all else being equal. That figuremeans that an area equivalent to the combined
area of Myanmar, Thailand and Malaysia has been saved from the plough. Secondly,
land that has not been appropriated by humans also produces more food for other
species. Consequently, this increases the aggregate biomass – that is, the product of
number of species and representatives of each species – that the planet can sustain.

How much would the food available for other species have decreased in the ab-
sence of anthropogenic increases in atmospheric carbon dioxide? To calculate this
figure, assume that:

• the productivity of unmanaged ecosystems also increased by 9–15% because
of higher carbon dioxide concentrations (as estimated for crops)

• human beings currently ‘appropriate’ 25% of the earth’s NPP.63

Therefore, had there been no anthropogenic increase in carbon dioxide, satis-
fying current human demand for food, timber, feed for domesticated animals and
other plant-derived product would have required the share of NPP available for the
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rest of nature to decline by 11–17%. Alternatively, if one assumes that human beings
currently use 40% of global NPP64 and retain the other assumptions intact then the
present share of NPP available for the rest of nature would have had to decline by
14–22%. In either case, in the absence of any carbon dioxide fertilisation there would
have been a significant increase in the number of species at risk of extinction.

Notably, one of the factors invoked to explain the latitudinal gradient in biodiver-
sity –the greater abundance of species as one moves from the poles to the tropics –
is greater ecological productivity.65 It has also been suggested that an evenmore im-
portant factormightbe thatmetabolic andotherprocesses speedupas temperatures
increase, consistent with the Arrhenius rate equation.66,67 Whatever the explanation,
it reminds us that in a world with higher temperatures, at the very least the higher
latitudes would support more biomass, other things being equal. The increasing am-
plitude of the seasonal variation in atmospheric carbon dioxide in these areas is one
manifestation of this.68

4 Impacts of higher carbon dioxide on water
availability and irrigation requirements

It is generally expected that, if the globe warms, evaporation will increase, which
should increase the amount of moisture in the atmosphere if relative humidity stays
constant, as is generally assumed in climate models. Note, however, that long-term
trends in pan evaporation frommany areas around theworld contradict this assump-
tion.69 More moisture in the atmosphere ought to increase total precipitation over
the Earth’s surface. However, the increased precipitation would be distributed un-
evenly, so some areas could become wetter, others drier. To exacerbate matters in
the latter areas, the increased evaporation should reduce soil moisture, which could
reduce the growth of vegetation and crop yields in rain-fed areas, and increase irri-
gation demand elsewhere. Increased evaporation should also reduce runoff, which
would mean a reduction in water available for other human uses. However, each of
these negative impacts may be partly, if not wholly, counteracted by the fact that
higher carbon dioxide levels, by reducing the size of stomata, generally increase the
water-use efficiency of plants. This should enable them to better cope with reduced
soil moisture, reduce irrigation demand and, unless increased plant growth compen-
sates for the increasedwater-use efficiency, increase runoff. Further complicating the
overall picture are factors such as the variation of water-use efficiency with nutrient
availability, the amount of sunlight exposure, and precipitation, and also the fact that
stomatal density usually declines as atmospheric carbon dioxide increases.70,71

Analyses of changes in the ratio of carbon isotopes in woody species over time
suggest that intrinsic water-use efficiency has increased in many species in recent
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decades but has plateaued in others and even declined in some instances.72 A re-
cent study of unmanaged forest sites in the USA and elsewhere around the Northern
Hemisphere found that carbon uptake and water-use efficiency had increased at the
majority of sites.73 Increases in the water-use efficiency exceeded projections by a
range of biosphere models. Other studies have produced similar results for water-
use efficiency:

• increases of 34–52% for two tropical forest species in Brazil from 1850–2000;74

• an increase of 29% for rainforest trees in Sabah, Malaysia;75

• an increase of 5–20% from 1974–2003 in a pine forest in the dryMediterranean
(Israel);76

• an increase of 12% from pre-industrial to post-industrial times in a pine species
in Finland.

However, a study of dwarf birch in Sweden and Finland found a plateauing rather
than an increase.77

In many cases, growth increases along with water-use efficiency, but there are
exceptions.78 An analysis of data from 47 study sites around the world found that
from the 1960s to the 2000s, a period during which carbon dioxide concentrations
increased by 50 ppm, intrinsicwater-use efficiency in boreal, wet temperate, Mediter-
ranean, semi-arid and tropical biomes increased by 20.5%.79 However, for the 35 sites
for which growth datawere estimated, half showed a positive trend in growth, a third
showed negative growth and the remainder showed no growth. According to the
authors, this could have been due to drought, nutrient limitation or photosynthetic
acclimation to carbon dioxide.

Regardless ofwhether, how andunderwhat conditions carbon uptake andwater-
useefficiencyare related, global ecosystemproductivity increasedby14%from1982–
2011 (Figure 1),80 while vegetation cover increased by 11% in arid areas from 1982–
2010.81 Andwith regard toagricultural productivity, global cropyieldshave increased.
For instance, from1961 to2013, cereal yieldsper hectare increasedby85% in the least
developed countries and 185% worldwide. These yield increases show no sustained
sign of decelerating (Figure 3).

It is unclear whether the increases in water-use efficiency have helped increase
runoff and water availability for human uses.82 This is because changes in runoff can
result from changes in a host of factors in addition to the physiological and morpho-
logical responses of stomata due to increased carbon dioxide.83,84 These include:

• changes in meteorological and climatic factors, such as precipitation, temper-
ature, humidity, solar radiation and wind speed

• changes in land use and land cover
• other humanmodifications to adapt to or copewithwater related problems, or
take advantage of any opportunities.
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Thus attributing runoff changes, if any, to carbon dioxide relies on computer mod-
elling,85,86,87 but the results are fraught with uncertainty. Nevertheless, some studies
indicate that, all else being equal, higher water-use efficiency could in the future re-
duce global irrigation demand and increase global runoff, which should reduce wa-
ter stress.88,89,90,91 However, none of these studies included any allowance for human
adaptation, so they exaggerate thenet negative impact (andunderstate thepositive).
Konzmann et al. estimate that by the 2080s global irrigation demand will decline by
‘~17% in the ensemble median, due to a combination of beneficial carbon dioxide
effects on plants, shorter growing periods and regional precipitation increases’. With
respect to water availability, Wiltshire et al. estimate that the net global population
at risk of high water stress will increase from 2.6 billion in 2000 to 4.1 billion in the
2080s because of population growth alone. However, under the IPCC’s A1FI scenario
(the onewith the fastest warming) , they expect this number to be reduced to 3.2 bil-
lion because of climate change (but ignoring the direct effects of carbon dioxide; see
Figure 4).92 Direct carbon dioxide effects should further reduce the net population at
risk of high water stress, to 2.9 billion. Notably, as indicated by Figure 4, the warmer
the scenario, the greater the reduction in the population at risk of water stress from
climate change alone. Similarly, the higher the carbon dioxide levels, the greater that
reduction.

Least developed countries
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Figure 3: Cereal yields, 1961–2013
Tonnes per hectare. Source: FAOSTAT, October 6, 2014.
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Figure 4: Population at risk of high water stress in the 2080s

Billions at risk. (a) Baseline per 2000, (b) For 2080 – no climate change but with
increased population. (c) For 2080 – increased population and increased temperature.
(d) Population, climate and carbon dioxide levels are different from 2000 levels. The B1,
A1B and A1FI scenarios correspond to global temperature increases in the 2080s of the
order of 1◦C, 2◦C, and 3◦C above the 2000 levels, respectively. Source: Wiltshire et al.

(2013).

5 Impacts of higher carbon dioxide levels onmarine
life

Increasing carbondioxide levels in the atmosphere clearly increase the growth rate of
land plants, other things being equal. Is the same true for marine photosynthesisers
such as algae, phytoplankton and symbiotic zooxanthellae in corals? Carbon dioxide
dissolves in seawater and there is good evidence that this causes enhanced growth
rates in many taxa. This is despite the fact that dissolved carbon dioxide forms bicar-
bonate ions, which slightly decrease the pH of the water, leading to what is often in-
accurately called ‘ocean acidification’. There is no likelihood of the ocean’s average pH
getting anywhere near as lowas 7because of elevated carbondioxide concentrations
during the next three centuries. Ocean pH currently averages about 8 and is forecast
to fall by 0.2 pH units or so during the present century. This change is considerably
smaller than the difference in pH between different parts of the ocean, different days
in the samepart of the ocean, and evendifferent times of day in coral reef lagoons. An
examination of upper-ocean pH for a wide variety of ecosystems ranging from polar
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to tropical, open-ocean to coastal, kelp forest to coral reefs, indicates that variations
in month-long pH spanned a range of 0.024 –1.430 pH units, and found that many
organisms ‘are already experiencing pH regimes that are not predicted until 2100.’93
In other words, the projected change in pH is much smaller than the noise in its nat-
ural variation. So it is highly speculative that this small long-term trend will bring
problems for marine life that are greater than the benefits of extra carbon dioxide for
photosynthetic marine organisms and hence the whole marine biosphere.

Here follow some examples of studies finding positive or neutral impacts of lower
pH on different groups of marine photosynthesisers:

Cocolithophores Iglesias-Rodriguez et al. found evidence that ‘calcification and
net primary production in the coccolithophore species Emiliania huxleyi are signif-
icantly increased by high carbon dioxide partial pressures’ in the laboratory while
‘field evidence from the deep ocean is consistent with these laboratory conclusions,
indicating that over the past 220 years there has been a 40% increase in average coc-
colithmass’.94 Coccolithophores are among themost abundant phytoplankton in the
oceans. Notably, Duarte et al. classify the evidence for a decline of calcifiers due to
ocean acidification for this century as weak.95

Diatoms In diatoms, ‘no significant change in the yield was found between the low
and high carbon dioxide levels’ and ‘increased dissolved carbon dioxide concentra-
tion did not affect themean cell size and cell volumeof Phaeodactylumtricornutum ’.96

Foraminifera Vogel andUthicke found that ‘the species investigatedwere still able
to build up their calcite skeletons in carbon dioxide conditions predicted for the year
2100 and beyond’, and ‘contrary to expectations, M. vertebralis showed significantly
increased growth rates in elevated carbon dioxide’.97

Marine algae and other marine plants In marine algae, many studies find that
enhanced carbon dioxide results in faster growth. In other marine plants such as eel-
grasses, Palacios and Zimmermann concluded that ‘ocean acidification will stimulate
seagrass biomass and productivity, leading tomore favorable habitat and conditions
for associated invertebrate and fish species’.98 Indeed, according toHendriks et al, the
carbon dioxide fertilisation effect might reverse acidification: ‘sea-grass photosyn-
thetic rates may increase by 50% with increased carbon dioxide, which may deplete
the carbon dioxide pool, maintaining an elevated pH thatmay protect associated cal-
cifying organisms from the impacts of ocean acidification’,99 at least in their vicinity.

Thus for many primary producers in the ocean, increased levels of dissolved car-
bon dioxide will stimulate ecosystem productivity with positive implications for the
food chain. Studies suggest that this effect will probably outweigh any drawbacks
from slightly lower pH.

Could the same be true for corals? Corals build reefs by calcification, depositing
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calcium carbonate in their skeletons. This process is energetically costly and the en-
ergy cost increases at lower pH. However, the energy is supplied by symbiotic zoox-
anthellae in the corals, which photosynthesise.100 Thus the limiting factor on coral
growth may be biological rather than chemical. Muscatine et al. conclude that ‘sym-
biotic algae may control calcification by. . . modification of physico-chemical param-
eters within the coral polyps’.101 This could explain why the growth rate of coral reefs
shows no signs of declining as predicted. As Kleypas et al. argue with respect to ben-
thic corals, ‘[t]he drawdown of total dissolved inorganic carbon due to photosynthe-
sis and calcification of reef communities can exceed the drawdown of total alkalinity
due to calcification of corals and calcifying algae, leading to a net increase in arago-
nite saturation state’.102

The general finding that calcifier organisms do not deposit less calciumwhen car-
bondioxide concentrations increase is borne out by an experimental studyby Findlay
et al. using three molluscs, one barnacle and a brittle star. They write that ‘contrary
to popular predictions, the deposition of calcium carbonate can be maintained or
even increased in acidified seawater’.103 Similarly, a ‘field growth experiment revealed
seven times higher growth and calcification rates of [blue mussel Mytilus edulis ] at a
high carbondioxide inner fjord field station . . . in comparison to a lowpCO2 outer fjord
station. . . ’104

Recent laboratory experiments to investigate the variation in the coral calcifica-
tion rate of the scleractinian coral Siderastrea siderea – an abundant reef-builder in
the Caribbean Sea – with warming and changes in pH found that under a more-or-
less constant temperature of 28◦C, calcification rates increased as atmospheric car-
bon dioxidewas increased fromnear-pre-industrial levels of 324 ppm to 447 ppm, re-
mained relatively unchanged at the predicted end-of-century value of 604 ppm and
then returned to near-pre-industrial rates at 2500 ppm.105 It also found that while
holding the carbon dioxide level at 488 ppm, calcification rates increased as the tem-
perature increased from 25◦C to 28◦C, but it declined by 80%when temperature was
increased to 32◦C. These results suggest that rapid ocean warming will pose a threat
to S. siderea in the longer termbut that ocean acidificationwill be little or no threat for
several centuries. Moreover, the experimentally determined calcification rates might
have been adversely affected by the disruption to the coral due to the need to cut,
transplant and prepare it for analysis. No less important is the fact that the changes
in pH and temperature were imposed over a period of just a few months. In the real
world such changes would occur over a century or more, whichmeans some adapta-
tion cannot be precluded, for example via symbiont shuffling.106

By far the largest peer-reviewedmeta-analysis of the effect of ocean acidification
upon marine life came to a strikingly unfashionable conclusion. Hendriks et al. stud-
ied the results of 372experiments involving raised carbondioxide levels on44 species
and found ‘limited experimental support’ for the theoretical predictions of negative
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impacts of ocean acidification. Marine organisms, they conclude, are ‘more resistant
tooceanacidification than suggestedbypessimistic predictions. . . ’, and thus this phe-
nomenon ‘may not be the widespread problem conjured into the 21st century’.107

Although some corals are growing more rapidly because of increases in calcifica-
tion ratesperhapsdue to, rather thandespite, higher sea surface temperatures108 and,
possibly, higher carbon dioxide levels, in other areas they are being lost or degraded.
The primary causes for the loss, however, are overfishing, pollution, coastal develop-
ment, and dredging and blasting rather than manmade global warming.109,110

6 Conclusion to Part I
Both satellite and in situ data show that biological productivity has increased globally
for a broad range of managed, lightly managed and also unmanaged ecosystems.
Although this increase is not universal, in aggregate increased biological productivity
has increased food resources per acre over what they would be otherwise for both
human beings and the rest of nature. Consequently, the earth is greener, farms are
more productive, and the planet can support both a larger biomass andmore human
beings, precisely as surmised by Arrhenius over a century ago.
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Part II

Human and environmental wellbeing
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7 Empirical trends in climate-sensitive indicators of
humanwellbeing

Do the benefits of higher carbon dioxide concentrations identified in Part I translate
into net benefits for humanity and the environment, or are they overwhelmed by
the harmful effects of carbon dioxide? The benefits for the environment have been
discussed in Sections 2 and 5. What follows is a brief discussion that compares some
major claims111 about the adverse impacts of global warming on human beings with
empirical reality.

Crop yields
Crop yields have increased (see Figure 3) and global food production, far from de-
clining, has actually increased in recent decades. Between 1990–92 and 2011–13,
although global population increased by 31% to 7.1 billion, available food supplies
increased by 44%. Consequently, the population suffering from chronic hunger de-
clined by 173 million despite a population increase of 1.7 billion.112 This occurred
despite the diversion of land and crops from production of food to the production
of biofuels. According to one estimate, in 2008 such activities helped push 130–155
million people into absolute poverty, exacerbating hunger in this most marginal of
populations. This may in turn have led to 190,000 premature deaths worldwide in
2010 alone.113 Thus, ironically, a policy purporting to reduce AGW in order to reduce
future poverty and hunger only magnified these problems in the present day.

Sea levels
Sea level has risen about 400 feet in the past 20,000 years, and continues to rise, albeit
much more slowly than in many times past. That it continues to rise today is unre-
markable. Its rise indeed signals a global warming, but not necessarily anthropogenic
global warming. Anthropogenic global warming should cause an acceleration in sea-
level rise but several observational studies have failed to detect one.114,115,116 IPCC
AR5 notes that, ‘it is likely that [global mean sea level] rose between 1920 and 1950
at a rate comparable to that observed since 1993’.117 Some studies actually indicate
a recent deceleration. For example, Chen et al. find that the global sea level rose at
a rate of 3.2±0.4mm/yr during 1993–2003, but that rate has decelerated since 2004.
By 2012, the rate of rise had slowed significantly to 1.8±0.9mm/yr.118 Another study,
however, suggests that, correcting for interannual variability, there has been no sig-
nificant change in the rate of SLR.119 Consonant with this, yet another study indicates
that ‘it could be several decades before. . . [there is]. . .a discernable acceleration in in-
dividual tide gauge records’.120,121
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Precipitation
According to many climate change activists, wet areas will get wetter while dry ar-
eas will get drier.122,123 Therefore, both floods and droughts should become longer
andmore intense globally. The IPCC AR5 report confirms that CMIP5models indicate
that thiswill occurwith high confidence although it hastens to add that empirical data
are ‘discordant’ and, moreover, ‘the models tend to underestimate observed trends
in precipitation (Noake et al., 2012) and its observed sensitivity to temperature (Liu
et al., 2012)’.124 (Citations in the original.) The ‘discordant’ study, a recent analysis of
monthly precipitation data over the global land surface from 1940 to 2009, indicates
that the dry areas get wetter, while wet areas become drier.125 Another study, using
data from 1940–2005, found that in general there is no relationship one way or an-
other; that is, for the most part dry gets neither drier nor wetter, and vice versa.126
Clearly, it is premature to say that ‘the science is settled.’ Regardless, it is not surpris-
ing that globally floods and droughts have not followed the climate change script.

Extremeweather
Although there has been an increase in warm days, accompanied by a decline in cold
days, there have been no general increases in the intensity or frequency of other
weather extremes, such as hurricanes, tornadoes, floods, or droughts.127,128,129 Other
recent studies confirm this for droughts130 andfloods.131 Tropical cyclones, a category
that includes hurricanes and typhoons, are neithermore frequent normore powerful.
Data from 1970 onward indicate that global and Northern Hemisphere accumulated
cyclone energy is currently below average.132 There has not been a major hurricane
landfall in the US since 2005 (as of this writing). Moreover, the average number of
strong-to-violent tornadoes over the past few years is lower today than it was in the
1950s, 1960s or early-to-mid-1970s.133

More importantly, despite a four-fold rise in population andmuchmore complete
reporting of such events, since the 1920s deaths from all extreme weather events,
including those caused by extreme heat, have declined by 93%, while death rates
have declined by 98%.134

There has been no increase in economic losses from extreme weather once one
accounts for the growth in aggregate wealth, a factor which automatically increases
the economic assets at risk.135

Disease
Claims that vector-borne diseases such asmalaria will increase are also not borne out
by the facts. The global mortality rate for malaria has declined: from 194 per 100,000
in 1900 to 9 per 100,000 in 2012, a reduction of 95.4%.136,137 Equally important, it is
less prevalent and substantially less endemic in its reduced range.138
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Access to clean water and sanitation
Despitepopulation increases, thenumbersofpeoplewithaccess to cleanerwater and
improved sanitation have actually increased worldwide.139 Between 1990 and 2012
an additional 2.3 billion people gained access to safer water, increasing the global
population with such access from 75.9% to 89.3%, despite increases in population
and any global warming. Over the same period, an additional 2.0 billion people got
access to improved sanitation. The benefits of safer water and improved sanitation
filter down to improvements in health and life expectancy.

Living standards
Despite claims that human wellbeing will suffer, living standards, measured by GDP
per capita, have never been higher globally. Consequently, the absolute poverty rate
– the share of population living on less than $1.25 per day in 2005 dollars – was
more than halved between 1981 and 2010. As a result, there were over 723 million
fewer people living in absolute poverty in 2010 than in 1981 although the develop-
ing world’s population increased by 2,174 million.140 In low income countries, life
expectancy, probably the single best indicator of human wellbeing, increased from
25–30 years in 1900 to 42 years in 1960 and 62 years today.141

8 Why are claims of damage failing tomaterialise?
Why have the imagined damages fromglobal warming failed tomaterialize, andwhy
do climate-sensitive indicators of human and environmental wellbeing continue to
improve?

Reliance on chains of unvalidatedmodels
Chains of models, cascades of uncertainty

The impacts of global warming are generally estimated using chains of linked com-
puter models. Each chain begins with a climate model, which itself is driven by a set
of socioeconomic scenarios based on assumptions for population, economic devel-
opment and technological change over the entire period of the analysis (often 50–
100 years or more). The climate model is followed by various biophysical, economic
and other downstream models to estimate changes in different aspects of human
activity or welfare, for example agriculture, forestry, health or biodiversity. The uncer-
tain outputs of each upstream model serve as the inputs of the subsequent down-
streammodel, with the uncertainties cascading down the chain so that the individual
streams of uncertainty combine into a regular torrent.

For example, to estimate the impacts on agriculture and food security, the out-
puts of the climate model are fed into various crop models to estimate yields, which
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then are linked to economic models to estimate supply and demand for the various
crops. Supply and demand are then reconciled via national, regional and global scale
trade models.142 Notably, despite the cascade of uncertainties, to date no climate
change impact assessment has provided an objective estimate of the cumulative un-
certainty, starting with the socioeconomic scenarios through to the impact estimate.
The ranges of uncertainty presented in the IPCC impact reports are generally based
on the uncertainties only from using different climate scenarios. But these are much
narrower than the true uncertainties that would have been estimated had the full
cascade of uncertainties been considered.

Models have not been validated

One reason that doom-laden predictions about the human wellbeing have failed is
thatorthodoxclimate scientists haveneglected toapply the scientificmethod: specif-
ically they have not checked their hypotheses and biases embodied in their models
against empirical reality. As we have seen, simple reality checks show that environ-
mental and humanwellbeing is not currently deteriorating. Validation of thesemod-
els using such reality checkswouldhave limited their divergence fromreality, andalso
reduce theuncertainties that are inevitably compoundedasoneprogressesdown the
chain of models.

Climatemodels overstate global warming
Firstly, the global climate has not beenwarming as rapidly as projected in the IPCC as-
sessment reports. Figure 5 compares observed global surface temperature data from
1986 through 2012 versus modelled results. It confirms that models have been run-
ning hotter than reality. But these are the projections that governments have relied
on to justify global warming policies, including subsidies for biofuels and renewable
energy while increasing the overall cost of energy to the general consumer – costs
that disproportionately burden those that are poorer.

A comparison of performance of 117 simulations using 37 models versus empiri-
cal data from the HadCRUT4 surface temperature data set indicates that the vast ma-
jority of the simulations/models have overestimated warming.143 The models indi-
cated that theaverageglobal temperaturewould increaseby0.30±0.02◦Cperdecade
during the period from 1993 to 2012 but empirical data show an increase of only
0.14±0.06◦C per decade.144 Model performance was even worse for the more recent
15-year period of 1998–2012. Here the averagemodelled trend was 0.21±0.03◦C per
decade, quadruple the observed trend of 0.05±0.08◦C. Considering the confidence
interval, the observed trend is indistinguishable from no trend at all; that is, warm-
ing has, for practical purposes, halted. Even the IPCC acknowledges the existence
of this ‘hiatus’.145 Moreover, the HadCRUT4 temperature database indicates that the
global warming rate declined from 0.11◦C per decade from 1951–2012 to 0.04◦C per
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Figure 5: Models versus reality: global surface temperature anomaly

Figures in degrees centigrade. The observations are land-based measurements,
1986–2012. Source: IPCC, AR5 WG1 (2013), p. 1011.

decade from 1998–2012.146 This is despite the fact that, per the IPCC, the anthro-
pogenic greenhouse gas forcing for 2010 (2.25W/m2) exceeded what was used in
the models for 2010 (1.78–1.84W/m2) by around 25%.147

Some have argued that satellite temperature data should be preferred over sur-
face datasets. In fact, satellite coverage is more comprehensive and more represen-
tative of the Earth’s surface than is achievable using surface stations, even if the latter
were to number in the thousands. A recent review paper notes that satellites can
provide ‘unparalleled global- and fine-scale spatial coverage’ presumably because
of ‘more frequent and repetitive coverage over a large area than other observation
means’.148 In addition, surface measurements are influenced by the measuring sta-
tions’microenvironments, whichwill vary not only fromstation to station at anygiven
time, but also over time at the very same station, as vegetation andman-made struc-
tures in their vicinity spring up, evolve and change.149

Satellite temperature data indicates that the globe has been warming at the rate
of 0.12–0.14◦C per decade since 1979;150 by contrast, the IPCC assessments over the
last 25 years havebeenprojecting awarming trendof 0.2–0.4◦Cper decade.151,152 The
differences betweenmodelled trends and those from satellites andweather balloons
are shown in Figures 6 and 7.153

Nevertheless, based on these chains of unvalidated computer models, orthodox
thinkers on climate change claim that globalwarmingwill, amongother things, lower
foodproduction, increasehunger, causemoreextremeweather, increasedisease, and
threaten water supplies. The cumulative impact will, they claim, diminish living stan-
dards and threaten species, and if carbon dioxide and other greenhouse gases are
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not curbed soon, pose an existential threat to humanity and the rest of nature. Some
claim it may already be too late.154 The group 350.org, for instance, agitates for re-
ducing atmospheric carbon dioxide levels, currently at 400 ppm, to 350 ppm, a level
the earth last experienced in 1988.155 But since then, global GDP per capita has in-
creased 60%, infant mortality has declined 48%, life expectancy has increased by 5.5
years, and the poverty headcount has dropped from 43% to 17% despite a popula-
tion increase of 40%. Nostalgia for a 350 ppm world seems somewhat misplaced, if
not downright perverse.156,157

Climatemodels don’t do local well
It is not clear what logical process was used to arrive at these allegations. It may stem
from the fact that orthodox thinkers on climate, in the grip of confirmation bias, are
unable or unwilling to acknowledge that, unless a climate or weather event is truly
unprecedented then the default assumption – the ‘null hypothesis’ in scientific par-
lance – should be that it is part of normal climate variability rather than manmade
global warming. Some have used the results of modelling exercises that purport to
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Global (80S–80N) departure from 1979–84 mean temperature of the lower
troposphere. Black line: satellite observations (RSS V3.3 MSU/AMSU); grey band: 5-95%

range of output from CMIP5 climate models. Source: RSS.

assess the future impacts, usually in the latter part of this century, and then ‘interpo-
lated’ these results back to the present day.158,159,160 The first step in such an exercise
relies on climate models to project the future climate. But we have seen that these
models have failed the reality test with respect to globally averaged surface temper-
ature over the past two decades or more. To compoundmatters, the performance of
climatemodels relative to reality worsens as one attempts to project surface temper-
atures at smaller geographical scales.

Climatemodels don’t do precipitation well
More importantly, the wellbeing of human beings and the rest of nature is proba-
bly more sensitive to changes in precipitation than temperature, and precipitation is
highly variable from spot to spot. But climate models perform even worse for pre-
cipitation than they do for temperature, regardless of the geographic scale. In fact,
for several areas many models are unable to reliably hindcast past precipitation, let
alone forecast the future.161,162 Not surprisingly, precipitationprojectionsusingdiffer-
entmodels often contradict each other. For example, a recent study of annual precip-
itation changes in California using 25model projections indicates that ‘12 projections
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show drier annual conditions by the 2060s and 13 show wetter.’163 Thus impact as-
sessments that use as their starting point the outputs of these climatemodels cannot
and should not be relied upon to develop policies, although theymay have scientific
diagnostic value for improving our understanding of climate mechanisms and pro-
cesses.

Adaptationmethodology is flawed
Failure toproperlyaccount foradaptation Even if climatemodels represented re-
ality perfectly andwere able to foretell the future climate, impact assessments would
still be suspect. This is because most global warming impact assessments assume
little or no endogenous (or autonomous) adaptation. For example, the vast majority
of studies of global warming impacts on water resources do not incorporate any al-
lowance for adaptivemeasures that might be taken to reduce those impacts, despite
the fact that steps of this nature have been taken since time immemorial.164,165 For in-
stance, the world’s oldest functioning dam, at Lake Homs in Syria, dates back to 1319
BC,166 and qanats, underground canals to convey water for human settlements and
irrigation, were built in Persia as long ago as the first millennium BC.167 Similarly, of
themany studies used by the IPCC to estimate future impacts on crop yields, 63% did
not consider improvements in the agricultural sector’s adaptive capacity.168

Moreover, specific adaptivemeasures used inmany global warming impact stud-
ies are based on surveys of available technologies from the 1990s. However, today
suitable adaptationmeasures are bothmore numerous and cheaper.169 And because
we are wealthier, these options are even more affordable.170 Consequently, our abil-
ity to adapt has improved markedly just in the past few decades or so.171 As proof,
consider the previously noted global increases in, for example, crop yields, access to
saferwater, and life expectancy ononehand, and reductions in poverty andmortality
from vector-borne diseases and extreme weather events on the other. These exam-
ples suggest that neglecting adaptive capacity and technological change can, over
the course of several decades, lead to estimates of impacts that are too pessimistic by
an order of magnitude or more.172

Another factor that is ignored in impacts assessments is the tremendous increase
in our interconnectedness due to the internet, e-mail, textmessages, and cell phones.
As a result, the dissemination of knowledge is today far faster and wider than what
was possible two or three decades ago. This increase in connectivity alone has con-
siderably enhanced humanity’s adaptive capacity.173

Also ignored is thearrayof technologies that are collectively called ‘precision farm-
ing’: the growing ability to monitor plant growth, nutrient deficiencies and the en-
vironmental conditions at finer scales, combined with techniques that use GPS and
drones to more precisely deliver nutrients and water to crops. Today these technolo-
gies can be afforded by wealthy farmers in rich countries. Over time, they should,
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like all other technologies, also diffuse around the world as their costs drop and as
rising incomes make themmore affordable. Such techniques should reduce agricul-
ture’s demand for water. Because agriculture is responsible for about 70% of global
water consumption, this ought to free up water for other human uses and substan-
tially reducewater stress.174 A 20% increase in global agricultural water-use efficiency
should, for example, translate into a global increase of 39% inwater available for non-
agricultural use.

Failure to fully account for benefits of carbon dioxide Although some studies of
the impacts of global warming on agricultural production and food security include
limited technological change, most do not include the beneficial impacts of carbon
dioxide on photosynthetic rates or water-use efficiency. The IPCC AR5 synthesis of
modelled estimates of the impact of recent climate trends on yields for major staple
crops notes in a remarkable understatement that ‘[s]ome included effects of positive
carbon dioxide trends. . .but most did not’.175 In fact, only 2 of 56 studies considered
carbon dioxide increases.176 For this reason alone the IPCC’s claim that the impacts of
global warming to date on agricultural productivity and food security are likely neg-
ative is suspect. In fact, Lobell et al. (2011), which is one of the few studies that has
attempted to estimate the ‘historical’ (i.e. present-day) impact ofwarming on agricul-
tural productivity, notes that had their study incorporated the direct effects of carbon
dioxide from 1980 to 2008 their results would have shown ‘the net effects of higher
carbon dioxide and climate change since 1980 have likely been slightly positive for
rice and soybean, and negative for wheat and maize’.177

Failure toaccount forbenefitsofwarming Finally, assessments of climate change
impacts usually give short shrift to the potential positive impacts of anthropogenic
global warming. The first part of this paper attempted to provide a partial corrective
by focusing on the benefits that increases in atmospheric carbon dioxide concentra-
tionsmight bring. Note that the analysis and discussion here is focused on the global
scale, and only on carbon dioxide increases rather than on warming itself. The ben-
efits of warming, in terms of human health – notably reductions in winter deaths –
longer growing seasons and other benefits could be substantial, particularly given
that warming is predicted to occur disproportionately in winter, and at night.

Mortality data fromseveral countries, regions andcitieswith cold, temperate, sub-
tropical and even tropical climates show that average daily mortality is substantially
higher in cold months than in warm months.178,179,180,181,182,183 Figure 8 displays the
results of a systematic evaluation of the risk of mortality from non-accidental causes
as a function of dailymean temperature for 306 communities in 12 countries.184 Since
additional deaths from exposure to hot or cold temperatures are known to accumu-
late for several days subsequent to actual exposure, the mortality rate was based
on cumulative deaths over 21 days following (and including) exposure. The period
over which these deaths accumulate is longer for cold temperatures than for hot
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ones.185 The methodology also apparently accounted for ‘mortality displacement’ or
‘harvesting’, which is the phenomenon that temperature-related deaths immediately
following the temperature exposure are partially offset by fewer deaths in following
weeks.186 The graphs in Figure 8 show that for each country:
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Figure 8: The risk of higher temperatures

Relative risk of mortality (y-axis) as a function of mean daily temperature plotted as the
percentile of the entire temperature data. Data for each country was pooled. Source:

Guo et al. (2014).

• The relativemortality risk is at aminimumbetween the66thand80thpercentile
of mean temperature. Nine of the twelve countries have an ‘optimum’ temper-
ature between the 72nd and 76th percentiles.
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• Relative mortality risk is substantially higher at the 1st percentile temperature
(cold end) than at the 99th percentile (hot end).

Because (a) there aremore days during the year that are cooler than the optimum,
and (b) relative risk is higher at the cold end than the warm end, more deaths should
be associated with temperatures that are colder than optimum than those that are
warmer. Hence, if global warming merely slides each curve to the right wholesale,
total mortality during the year should drop. This drop should be further magnified
by the fact that global warming is supposed to warm winters more than summers,
and nights more than days; the latter are nearly always warmer to begin with.

Remarkably, Figure 8 indicates that the risk of death is higher in the winter not
only in countries in cold climates, but also in Thailand and Brazil. It also confirms
human beings’ general preference for warmer temperatures, something that is also
manifested in the migration of retirees to warmer areas (e.g. the US ‘Sun Belt’ for
North Americans or the South of France for the British). In these areas, the seasonal
phenomenon of ‘excess wintermortality’(EWM) – calculated as the increase in deaths
during the four coldest months above what would have occurred had daily death
rate stayed at the average level for the remainder of the year – is substantially higher
than either deaths from extreme cold or extreme heat. For example, excess winter
mortality claimed 89,300 people annually in the US from 2003–12, whereas extreme
heat and cold annually on average killed 550 and 1100 people respectively in 2006–
2010.187,188

Notably, the US EWM alone exceeds the total average annual deaths over the
same 2003–12 period attributed worldwide not only to extreme temperatures (both
cold and hot) – 14,400 – but to all extreme weather events – 35,200.189 It is almost
certainly also true for the European Union and Japan.190 Consequently, because of
global warming, a small decrease in global EWMcould overwhelm any net increase in
mortality from changes in the frequency andmagnitude of extreme weather events.

The pattern of a higher death rate in the colder months also holds for all-cause
mortality in tropical and subtropical areas in China,191,192 Bangladesh,193 Kuwait,194
and Tunisia.195 Mortality rates apparently also peak in winter in Sao Paulo, Brazil;
Mexico City and Monterrey, Mexico; Santiago, Chile, Cape Town, South Africa; and
Nairobi, Kenya (see Figure 9).196,197 It is also the case for the southern US states of
Florida, Texas, California and even Hawaii.198 In addition, in Cuba, deaths from heart
diseases and cerebrovascular diseases, which account for 37% of all deaths, peak in
the colder (winter) months.199

In summary
The approach used in impacts assessments therefore suffers from three fundamental
flaws. Firstly, they rely on climate models that have failed the reality test. Secondly,
they do not fully account for the benefits of carbon dioxide. Thirdly, they implicitly
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Figure 9: Cold risk in a warm country

Time series for all-cause (weekly) mortality and temperature (◦C) in Nairobi, Kenya. The
highest rates of death occur during periods of relative cold, which coincides with high

amounts of rainfall. Source: Egondi et al. (2012).

assume that the world of 2100 will not be much different from that of the present –
except that wewill be emittingmore greenhouse gases and the climate will bemuch
warmer.200 In effect, they assume that for themost part our adaptive capacity will not
be any greater than today. But the world of 2015 is already quite different from that
of 1990, and the notion that world of 2100will be like that of the baseline year verges
on the ludicrous. Moreover, this assumption directly contradicts

(a) the basic assumption of positive economic growth built into each of the under-
lying IPCC scenarios

(b) the experience over the past quarter millennium, of relatively rapid technolog-
ical change and increasing adaptive capacity.

It is also refuted by any review of the changes that have taken place in the human
condition and the ordinary person’s life from generation to generation, at least as far
back as the start of the Industrial Revolution.201,202
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9 Conclusions to Part II
Carbon dioxide levels have risen inexorably since the 1700s. Yet despite this, climate-
sensitive indicators of human and environmental wellbeing that carbon dioxide af-
fects directly, such as crop yields, food production, prevalence of hunger, access to
cleaner water and biological productivity, and those that it affects indirectly, such as
living standards and life expectancies, have improved virtually everywhere. In most
areas they have never been higher, nor do they show any sustained signs of revers-
ing.203,204
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