The Positive Externalities
of Carbon Dioxide:

Estimating the Monetary Benefits of Rising Atmospheric
CO. Concentrations on Global Food Production
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On the Cover: Global population, CO, emissions, and food production data over the period 1961-2010, normalized
to a value of unity at 1961. A data value of 2, therefore, represents a value that is twice the amount reported in
1961. Each of these datasets has experienced rapid and interlinked growth over the past five decades, with rising
global population leading to rising CO, emissions, which emissions have benefited food production.
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ABSTRACT

Advancements in technology and scientific expertise that accompanied the Industrial
Revolution initiated a great transformation within the global enterprise of agriculture. More
efficient machinery and improved plant cultivars, for example, paved the way toward higher
crop yields and increased global food production. And with the ever-burgeoning population of
the planet, the increase in food production was a welcomed societal benefit. But what
remained largely unknown to society at that time, was the birth of an ancillary aid to agriculture
that would confer great benefits upon future inhabitants of the globe in the decades and
centuries to come. The source of that aid: atmospheric carbon dioxide (CO,).

Several analyses have been conducted to estimate potential monetary damages of the rising
atmospheric CO, concentration. Few, however, have attempted to investigate its monetary
benefits. Chief among such positive externalities is the economic value added to global crop
production by several growth-enhancing properties of atmospheric CO, enrichment. As literally
thousands of laboratory and field studies have demonstrated, elevated levels of atmospheric
CO, have been conclusively shown to stimulate plant productivity and growth, as well as to
foster certain water-conserving and stress-alleviating benefits. For a 300-ppm increase in the
air's CO, content, for example, herbaceous plant biomass is typically enhanced by 25 to 55%,
representing an important positive externality that is absent from today’s state-of-the-art socia/
cost of carbon (SCC) calculations.

The present study addresses this deficiency by providing a quantitative estimate of the direct
monetary benefits conferred by atmospheric CO, enrichment on both historic and future global
crop production. The results indicate that the annual total monetary value of this benefit grew
from $18.5 billion in 1961 to over $140 billion by 2011, amounting to a total sum of $3.2 trillion
over the 50-year period 1961-2011. Projecting the monetary value of this positive externality
forward in time reveals it will likely bestow an additional $9.8 trillion on crop production
between now and 2050.

The incorporation of these findings into future SCC studies will help to ensure a more realistic
assessment of the total net economic impact of rising atmospheric CO, concentrations due to
both negative and positive externalities. Furthermore, the observationally-deduced benefits of
atmospheric CO, enrichment on crop production should be given premier weighting over the
speculative negative externalities that are projected to occur as a result of computer model
computations of CO,-induced global warming. Until this is done, little if any weight should be
placed on current SCC calculations.

Center for the Study of Carbon Dioxide and Global Change © 2013, www.co2science.org.
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INTRODUCTION

Advancements in technology and scientific expertise since the birth of the Industrial Revolution
have led to vast improvements in agricultural yield and production values. More efficient
machinery and improved plant cultivars, for example, paved the way toward higher crop yields
and increased global food production. And with the ever-increasing population of the planet,
the increase in food production was a welcome societal benefit. But what remained largely
unknown to society at that time, was the birth of an ancillary aid to agriculture that would
confer great benefits upon future inhabitants of the globe throughout the decades and
centuries to come. And the source of that aid: atmospheric carbon dioxide (CO,). Ironically,
however, the modern rise of the air's CO, content is currently viewed by many as a source of
concern, not a benefit.

Driven primarily by gaseous emissions produced from the burning of fossil fuels such as coal,
gas and oil, the air’s CO, content has risen steadily from a mean concentration of about 280
parts per million (ppm) at the onset of the Industrial Revolution in 1800 to a value of
approximately 393 ppm today; and if current fuel consumption trends continue, the planet’s
atmospheric CO, concentration could reach upwards of 700 ppm by the end of this century.

One of the more publicized potential consequences of this rise in the air's CO, content is the
possibility of significant CO,-induced global warming, which according to proponents of this
hypothesis constitutes the greatest environmental threat ever to be faced by the biosphere.
Predicting many adverse consequences for human health, ecosystems and the economies of
nations, its supporters contend that augmented atmospheric CO, concentrations will alter
important energy transfer processes in the Earth-ocean-atmosphere system, leading to warmer
global temperatures, devastating heat waves, melting of substantial portions of the polar ice
caps, rising sea levels, crop-decimating droughts, as well as a host of other climate- and
extreme-weather-related maladies.

Against this backdrop of projected negative externalities, economists and policy makers have
sought to estimate the monetary damages of rising atmospheric CO,. Such calculations, termed
the social cost of carbon (SCC), are often used in evaluating the CO, impact of government
rulemakings. They are also used as justification for fostering rules and regulations aimed at
reducing CO, emissions. In May of 2013, for example, eleven U.S. government agencies
comprising the Interagency Working Group on Social Cost of Carbon collaborated to produce a
technical document “to allow agencies to incorporate the social benefits of reducing carbon
dioxide (CO,) emissions into cost-benefit analyses of regulatory actions that impact cumulative
global emissions” (Interagency Working Group on Social Cost of Carbon, 2013).

Absent (or severely underrated) in nearly all SCC analyses, however, is the recognition and

incorporation of important CO,-induced benefits, such as improvements in human health and
increases in crop production. With respect to human health, several studies have shown that

Center for the Study of Carbon Dioxide and Global Change © 2013, www.co2science.org.
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the net effect of an increase in temperature is a

For a 300-ppm increase in reduction in sickness and death rate (Christidis et
al., 2010; Wichmann et al., 2011; Egondi et al.,

- |
the air’s CO, content, such 2012; Wanitschek et al., 2013; Wu et al., 2013). A

warmer climate, therefore, is less expensive in
terms of health care costs than a colder one. With
respect to crop production, literally thousands of
laboratory and field studies have documented
growth-enhancing, water-conserving and stress-
alleviating benefits of atmospheric CO, enrichment
on plants (Idso and Singer, 2009; Idso and Idso,
2011). For a 300-ppm increase in the air’'s CO,

benefits typically enhance
herbaceous plant biomass by
around 30 to 35%, which

represents an important

positive externality entirely content, such benefits typically enhance
herbaceous plant biomass by around 30 to 35%,
absent from todag’s state- which represents an important positive externality
entirely absent from today’s state-of-the-art SCC
of-the-art SCC calculations. calculations.

In the present study, this discrepancy is addressed
by providing a quantitative estimate of the direct monetary benefits of atmospheric CO,
enrichment on both historic and future crop production, making it the first study to provide
such a detailed appraisal. The incorporation of these estimates into future SCC studies will help
to ensure a more realistic assessment of the total net economic impact of rising CO,
concentrations due to both negative and positive externalities.

How RISING ATMOSPHERIC CO, IS A BIOSPHERIC BENEFIT

At a fundamental level, carbon dioxide is the basis of nearly all life on Earth. It is the primary
raw material or “food” utilized by the vast majority of plants to produce the organic matter out
of which they construct their tissues, which subsequently become the ultimate source of food
for nearly all animals and humans. Consequently, the more CO, there is in the air, the better
plants grow, as has been demonstrated in literally thousands of laboratory and field
experiments (ldso and Singer, 2009). And the better plants grow, the more food there is
available to sustain the entire biosphere.

The idea that an increase in the air’'s CO, content may be of benefit to the biosphere can be
traced back in time over 200 years. As early as 1804, for example, de Saussure showed that
peas exposed to high CO, concentrations grew better than control plants in ambient air; and
work conducted in the early 1900s significantly increased the number of species in which this
growth-enhancing effect of atmospheric CO, enrichment was observed to occur (Demoussy,
1902-1904; Cummings and Jones, 1918). In fact, by the time a group of scientists convened at
Duke University in 1977 for a workshop on Anticipated Plant Responses to Global Carbon
Dioxide Enrichment, an annotated bibliography of 590 scientific studies dealing with CO, effects

Center for the Study of Carbon Dioxide and Global Change © 2013, www.co2science.org.
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on vegetation had been prepared (Strain, 1978). This body of research demonstrated that
increased levels of atmospheric CO, generally produce increases in plant photosynthesis,
decreases in plant water loss by transpiration, increases in leaf area, and increases in plant
branch and fruit numbers, to name but a few of the most commonly reported benefits. And
five years later, at the International Conference on Rising Atmospheric Carbon Dioxide and
Plant Productivity, it was concluded that a doubling of the air’s CO, concentration would likely
lead to a 50% increase in photosynthesis in C3 plants, a doubling of water use efficiency in both
Cz: and C4 plants, significant increases in biological nitrogen fixation in almost all biological
systems, and an increase in the ability of plants to adapt to a variety of environmental stresses
(Lemon, 1983).

Numerous studies conducted on hundreds of different plant species testify to the very real and
measurable growth-enhancing, water-saving, and stress-alleviating advantages that elevated
atmospheric CO, concentrations bestow upon Earth’s plants (Idso and Singer, 2009; Idso and
Idso, 2011). In commenting on these and many other CO,-related benefits, Wittwer (1982)
wrote that “the ‘green revolution’ has coincided with the period of recorded rapid increase in
concentration of atmospheric carbon dioxide, and it seems likely that some credit for the
improved [crop] yields should be laid at the door of the CO, buildup.” Similarly, Allen et al.
(1987) concluded that yields of soybeans may have been rising since at least 1800 “due to
global carbon dioxide increases,” while more recently, Cunniff et al. (2008) hypothesized that
the rise in atmospheric CO, following deglaciation of the most recent planetary ice age, was the
trigger that launched the global agricultural enterprise.

In a test of this hypothesis, Cunniff et al. designed “a controlled environment experiment using
five modern-day representatives of wild C4 crop progenitors, all ‘founder crops’ from a variety
of independent centers,” which were grown individually in growth chambers maintained at
atmospheric CO, concentrations of 180, 280 and 380 ppm, characteristic of glacial, post-glacial
and modern times, respectively. The results
revealed that the 100-ppm increase in CO, from
glacial to postglacial levels (180 to 280 ppm) And as the CO,
“caused a significant gain in vegetative biomass of
up to 40%,” together with “a reduction in the
transpiration rate via decreases in stomatal
conductance of ~35%,” which led to “a 70%
increase in water use efficiency, and a much
greater productivity potential in water-limited

concentration of the air
continues to rise in the

future, this positive

conditions.” externality of enhanced crop
In discussing their results, the five researchers production will benefit
concluded that “these key physiological changes

could have greatly enhanced the productivity of society in the years, decades,
wild crop progenitors after deglaciation

improving the productivity and survival of these and even centuries to come.

wild C4 crop progenitors in early agricultural
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systems.” And in this regard, they note that “the lowered water requirements of C; crop
progenitors under increased CO, would have been particularly beneficial in the arid climatic
regions where these plants were domesticated.” For comparative purposes, they also included
one C3 species in their study — Hordeum spontaneum K. Koch — and they report that it “showed
a near-doubling in biomass compared with [the] 40% increase in the C4 species under growth
treatments equivalent to the postglacial CO; rise.” In light of these and other similar findings
(Mayeux et al., 1997), it can be appreciated that the civilizations of the past, which could not
have existed without agriculture, were largely made possible by the increase in the air’s CO,
content that accompanied deglaciation, and that the peoples of the Earth today are likewise
indebted to this phenomenon, as well as the additional 110 ppm of CO, the atmosphere has
subsequently acquired. And as the CO, concentration of the air continues to rise in the future,
this positive externality of enhanced crop production will benefit society in the years, decades,
and even centuries to come.

DATA

In order to calculate the monetary benefit of rising atmospheric CO, concentrations on historic
crop production, a number of different data sets were required. From the United Nations’ Food
and Agriculture Organization (FAO), annual global crop yield and production data were
obtained, as well as the monetary value associated with that production (FAO, 2013). These
data sources are published in the FAQ’s statistical database FAOSTAT, which is available online
at http://faostat.fao.org/site/567/default.aspx#ancor.

For the world as a whole, FAOSTAT contains data on these agricultural parameters for over 160
different crops that have been grown and used by humanity since 1961. No data are available
prior to that time, so the temporal scope of this analysis was limited to the 50-year time
window of 1961-2011. In addition, because more than half of the crops in the database each
account for less than 0.1% of the world’s total food production, it was deemed both prudent
and adequate to further constrain this analysis to focus on only those crops that accounted for
the top 95% of global food production. This was accomplished by taking the average 1961-2011
production contribution of the most important crop, adding to that the contribution of the
second most important crop, and continuing in like manner until 95% of the world’s total food
production was reached. The results of these procedures produced the list of 45 crops shown
in Table 1.

Center for the Study of Carbon Dioxide and Global Change © 2013, www.co2science.org.


http://faostat.fao.org/site/567/default.aspx#ancor

Page |8

Table 1. The forty-five crops that supplied 95% of the total world food production over the
period 1961-2011.

Crop % of Total Production Crop % of Total Production
Sugar cane 20.492 Rye 0.556
Wheat 10.072 Plantains 0.528
Maize 9.971 Yams 0.523
Rice, paddy 9.715 Groundnuts, with shell 0.518
Potatoes 6.154 Rapeseed 0.494
Sugar beet 5.335 Cucumbers and gherkins 0.492
Cassava 3.040 Mangoes, mangosteens, guavas 0.406
Barley 2.989 Sunflower seed 0.398
Vegetables fresh nes 2.901 Eggplants (aubergines) 0.340
Sweet potatoes 2.638 Beans, dry 0.331
Soybeans 2.349 Fruit Fresh Nes 0.321
Tomatoes 1.571 Carrots and turnips 0.320
Grapes 1.260 Other melons (inc.cantaloupes) 0.302
Sorghum 1.255 Chillies and peppers, green 0.274
Bananas 1.052 Tangerines, mandarins, clem. 0.264
Watermelons 0.950 Lettuce and chicory 0.262
Oranges 0.935 Pumpkins, squash and gourds 0.248
Cabbages and other brassicas 0.903 Pears 0.243
Apples 0.886 Olives 0.241
Coconuts 0.843 Pineapples 0.230
Oats 0.810 Fruit, tropical fresh nes 0.230
Onions, dry 0.731 Peas, dry 0.228
Millet 0.593
Sum of All Crops = 95.2%

Other data needed to conduct the analysis were annual global atmospheric CO, values since
1961 and plant-specific CO, growth response factors. The annual global CO, data were
obtained from the most recent United Nations Intergovernmental Panel on Climate Change
report, Annex Il: Climate System Scenario Tables - Final Draft Underlying Scientific-Technical
Assessment (IPCC, 2013). The plant-specific CO, growth response factors — which represent the
percent growth enhancement expected for each crop listed in Table 1 in response to a known
rise in atmospheric CO, — were acquired from the online Plant Growth Database of CO, Science
(Center for the Study of Carbon Dioxide and Global Change, 2013).

Located on the Internet at http://www.co2science.org/data/plant growth/plantgrowth.php,
the CO, Science Plant Growth Database lists the results of thousands of CO, enrichment
experiments conducted on hundreds of different crops growing under varying environmental
conditions over the past few decades. This database was used to calculate the mean crop
growth response to a 300-ppm increase in atmospheric CO, concentration for each crop listed
in Table 1. For some crops, however, there were no CO, enrichment data contained in the
database; and in those cases the mean responses of similar plants, or groups of plants, were
utilized. Also, there were some instances where the plant category in the FAO database
represented more than one plant in the CO, Science Plant Growth Database. For example, the
designation Oranges represents a single FAO crop category in the FAO database, yet there were

Center for the Study of Carbon Dioxide and Global Change © 2013, www.co2science.org.
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two different types of oranges listed in the CO, Science database (Citrus aurantium, and Citrus
reticulata x C. paradisi x C. reticulata). Thus, in order to produce a single number to represent
the CO,-induced growth response for the Oranges category, a weighted average from the
growth responses of both orange species listed in the CO, Science database was calculated.
This procedure was repeated in other such circumstances; and the final results for all crops are
listed in Table 2, which provides the average biomass response by FAO plant category for a 300-
ppm increase in the air’'s CO, concentration for all 45 crops listed in Table 1, which values are
based upon data downloaded from the CO, Science Plant Growth Database on 1 October 2013.

Table 2. Mean percentage yield increases produced by a 300-ppm increase in atmospheric
CO; concentration for all crops accounting for 95% of total food production.

Crop % Biomass Change Crop % Biomass Change

Sugar cane 34.0% Rye 38.0%
Wheat 34.9% Plantains 44.8%
Maize 24.1% Yams 47.0%
Rice, paddy 36.1% Groundnuts, with shell 47.0%
Potatoes 31.3% Rapeseed 46.9%
Sugar beet 65.7% Cucumbers and gherkins 44.8%
Cassava 13.8% Mangoes, mangosteens, guavas 36.0%
Barley 35.4% Sunflower seed 36.5%
Vegetables fresh nes 41.1% Eggplants (aubergines) 41.0%
Sweet potatoes 33.7% Beans, dry 61.7%
Soybeans 45.5% Fruit Fresh Nes 72.3%
Tomatoes 35.9% Carrots and turnips 77.8%
Grapes 68.2% Other melons (inc.cantaloupes) A4.7%
Sorghum 19.9% Chillies and peppers, green 41.1%
Bananas 44.8% Tangerines, mandarins, clem. 29.5%
Watermelons 41.5% Lettuce and chicory 18.5%
Oranges 54.9% Pumpkins, squash and gourds 41.5%
Cabbages and other brassicas 39.3% Pears 44.8%
Apples 44.8% Olives 35.2%
Coconuts 44.8% Pineapples 5.0%
Qats 34.8% Fruit, tropical fresh nes 72.3%
Onions, dry 20.0% Peas, dry 29.2%
Millet 44.3%

HISTORIC MONETARY BENEFIT CALCULATIONS AND RESULTS

The first step in determining the monetary benefit of historical atmospheric CO, enrichment on
historic crop production begins by calculating what portion of each crop’s annual yield over the
period 1961-2011 was due to each year’s increase in atmospheric CO, concentration above the
baseline value of 280 ppm that existed at the beginning of the Industrial Revolution.

Center for the Study of Carbon Dioxide and Global Change © 2013, www.co2science.org.
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Illustrating this process for wheat, in 1961 the global yield of wheat from the FAOSTAT database
was 10,889 hectograms per hectare (Hg/Ha), the atmospheric CO, concentration was 317.4
ppm, representing an increase of 37.4 ppm above the 280-ppm baseline, while the CO, growth
response factor for wheat as listed in Table 2 is 34.9% for a 300-ppm increase in CO,. To
determine the impact of the 37.4 ppm rise in atmospheric CO, on 1961 wheat yields, the
wheat-specific CO, growth response factor of 34.9% per 300 ppm CO; increase (mathematically
written as 34.9%/300 ppm) is multiplied by the 37.4 ppm increase in CO, that has occurred
since the Industrial Revolution. The resultant value of 4.35% indicates the degree by which the
1961 yield was enhanced above the baseline yield value corresponding to an atmospheric CO,
concentration of 280 ppm. The 1961 yield is then divided by this relative increase (1.0435) to
determine the baseline yield in Hg/Ha (10,889/1.0435 = 10,435). The resultant baseline yield
amount of 10,435 Hg/Ha is subtracted from the 1961 yield total of 10,889 Hg/Ha, revealing that
454 Hg/Ha of the 1961 yield was due to the 37.4 ppm rise in CO; since the start of the Industrial
Revolution. Similar calculations are then made for each of the remaining years in the 50-year
period, as well as for each of the 44 remaining crops accounting for 95% of global food
production.

The next step is to determine what percentage of the total annual yield of each crop in each
year was due to CO,. This was accomplished by simply taking the results calculated in the
previous step and dividing them by the corresponding total annual yields. For example, using
the calculations for wheat from above, the 454 Hg/Ha yield due to CO, in 1961 was divided by
the total 10,889 Hg/Ha wheat yield for that year, revealing that 4.17% of the total wheat yield
in 1961 was due to the historical rise in atmospheric CO,. Again, such percentage calculations
were completed for all crops for each year in the 50-year period 1961-2011.

Knowing the annual percentage influences of CO, on all crop yields (production per Ha), the
next step is to determine how that influence is manifested in total crop production value. This
was accomplished by multiplying the CO,-induced vyield percentage increases by the
corresponding annual production of each crop, and by then multiplying these data by the gross
production value (in constant 2004-2006 U.S. dollars) of each crop per metric ton, which data
were obtained from the FAOSTAT database, the end result of which calculations becomes an
estimate of the annual monetary benefit of atmospheric CO, enrichment (above the baseline of
280 ppm) on crop production since 1961. And these monetary values are presented for each of
the 45 crops under examination in Table 3.

Center for the Study of Carbon Dioxide and Global Change © 2013, www.co2science.org.
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Table 3. The total monetary benefit of Earth’s rising atmospheric CO, concentration on each
of the forty-five crops listed in Table 1 for the 50-year period 1961-2011. Values are in

constant 2004-2006 U.S. dollars.

C Production Monetary c Production Monetary

rop Rank Benefit of CO, rop Rank Benefit of CO,
Rice, paddy 4 $579,013,089,273 |Carrots and turnips 35 $36,439,812,318
Wheat 2 $274,751,908,146  |Cucumbers and gherkins 29 533,698,222,461
Grapes 13 5270,993,488,618 |Watermelons 16 532,553,055,795
Maize 3 §182,372,524,324  |Pears 41 $31,577,067,767
Soybeans 11 $148,757,417,756  |Fruit Fresh Nes 34 $29,182,817,600
Potatoes 5 $147,862,516,739  |Fruit, tropical fresh nes 44 528,837,991,342
Vegetables fresh nes 9 5143,295,147,644  |Millet 23 524,748,422,190
Tomatoes 12 $140,893,704,588 |Eggplants (aubergines) 32 522,794,746,004
Sugar cane 1 §107,420,713,630 |Cassava 7 §21,850,017,436
Apples 19 $98,329,393,797 |Onions, dry 22 $20,793,394,925
Sugar beet 6 569,247,223,819 Sorghum 14 520,579,850,257
Barley 8 $63,046,887,462 |Tangerines, mandarins, clem. 38 518,822,174,419
Bananas 15 §58,264,644,460 Coconuts 20 $17,949,253,896
Yams 26 §56,163,446,226  |Sunflower seed 31 §17,585,395,685
Groundnuts, with shell 27 551,076,843,461 Plantains 25 517,384,141,669
QOlives 42 550,604,186,875 Lettuce and chicory 39 515,029,691,577
Oranges 17 $50,173,178,154 |Pumpkins, squash and gourds 40 513,140,422,653
Beans, dry 33 $47,240,266,167 |Oats 21 $12,615,396,815
Mangoes, mangosteens, guavas 30 540,731,776,757 Rye 24 $8,981,587,998
Sweet potatoes 10 539,889,080,598 Peas, dry 45 55,667,935,087
Chillies and peppers, green 37 539,813,008,532 Other melons (inc.cantaloupes) 36 52,477,799,109
Rapeseed 28 $38,121,172,234 Pineapples 43 $1,779,091,848
Cabbages and other brassicas 18 $37,501,047,431 Sum of all crops = $3,170,050,955,544

As can be seen from Table 3, the financial benefit of Earth’s rising atmospheric CO,
concentration on global food production is enormous. Such benefits over the period 1961-2011
have amounted to at least $1 billion for each of the 45 crops examined; and for nine of the
crops the monetary increase due to CO, over this period is well over $100 billion. The largest of
these benefits is noted for rice, wheat and grapes, which saw increases of $579 billion, $274
billion and $270 billion, respectively.

Another interesting aspect of these calculations can be seen in Figure 1, which shows the
annual total monetary value of the CO, benefit for all 45 crops over the 50-year period from

1961-2011.

As seen there, the annual value of the CO, benefit has increased over time.

Whereas it amounted to approximately $18.5 billion in 1961, by the end of the record it had
grown to over $140 billion annually. And in summing these annual benefits across the entire
50-year time period, the total CO,-induced benefit on global food production since 1961
amounts to $3.2 trillion.

Center for the Study of Carbon Dioxide and Global Change © 2013, www.co2science.org.



Page |12

$160

y = 0.0000x0.7557
R? = 0.9988

$140

$120

$100

S80

$60

Billions of U.S. Dollars

$40

$20

SO T T T T T T
1950 1960 1970 1980 1990 2000 2010 2020

Year

Figure 1. The total annual monetary value of the direct CO, benefit on crop production for all
45 crops studied over the 50-year period from 1961-2011.

FUTURE MIONETARY BENEFIT CALCULATIONS AND RESULTS

The method of estimating future monetary benefits of rising atmospheric CO, concentrations
on crop production were slightly different from those used in calculating the historic values of
the previous section. In explaining these methods, sugar cane will serve as the example.

First, the 1961-2011 historic yield data for sugar cane are plotted as the solid blue line in Figure
2. Next, that portion of each year’s annual yield that was due to rising carbon dioxide, as per
calculations described in the prior section (the solid green line), was subtracted out. The
resultant values are depicted as the solid red line in Figure 2. These yield values represent the
net effect of everything else that tended to influence crop yield over that time period.
Although many factors play a role in determining the magnitude of this latter effect, it is
referred to here as the techno-intel effect, as it derives primarily from continuing advancements
in agricultural technology and scientific research that expand our knowledge or intelligence
base.

Center for the Study of Carbon Dioxide and Global Change © 2013, www.co2science.org.



Page |13

800,000
—Total Yield
700,000 { —Techno-Intel Yield /
— (02 Yield /_/\/://V\

600,000 A ~\ A
©
] M/\/\/W
i:—m 500,000 ‘\\y\/ v
=]
[}
5 400,000
o
c
©
(&}
= 300,000
©
o0
)
n

200,000

100,000

0
1950 1960 1970 1980 1990 2000 2010 2020
Year

Figure 2. Plot of the total yield of sugar cane over the period 1961-2011 (blue line), along
with plots of that portion of the total yield attributed to advancements in agricultural
technology and scientific research (the techno-intel effect, red line) and productivity
increases from rising atmospheric CO, concentrations (green line).

The difference between the techno-intel line and the observed vyield line above it represents
the annual yield contribution due to rising atmospheric CO,, which difference is also plotted in
Figure 2 as the solid green line. As depicted there, the relative influence of atmospheric CO, on
the total yield of sugar cane is increasing with time. This fact is further borne out in Figure 3,
where techno-intel yield values are plotted as a percentage of total sugar cane yield. Whereas
the influence of technology and intelligence accounted for approximately 96% of the observed
yield values in the early 1960s, by the end of record in 2011 it accounted for only 89%.
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The Techno-Intel Effect as a Percent of Total Yield for Sugar Cane
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Figure 3. The percentage of the total annual yield of sugar cane over the period 1961-2011
that is attributed to the techno-intel effect.

Focusing on the future, the 1961-2011 linear trend of the techno-intel yield line is next
projected forward to the year 2050. Depicted as the dashed red line in Figure 4, this line
represents the best estimate that can be made of the effect of technology and innovation on
future sugar cane crop yields. Following this step, a second-order polynomial has been fitted to
the data depicted in Figure 3, and this relationship is projected forward in time (Figure 5) to
obtain an estimate of the annual contribution of the techno-intel effect on the total yield
through 2050. Next, the total yield for each year between 2012 and 2050 can be calculated by
dividing the linear projection of the techno-intel line in Figure 4 (dashed red line) by the
corresponding yearly forecasted percentage contribution of the techo-intel line to the total
yield, as depicted by the polynomial projection fit to the data and extended through 2050 in
Figure 5. These resultant values, plotted in Figure 4 as the dashed blue line, provide an
estimate of the total annual crop yield from 2012 through 2050. By knowing the annual total
yield, as well as the portion of the annual total yield that is due to the techno-intel effect
between 2012 and 2050, the part of the total yield that is due to CO, can be calculated by
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subtracting the difference between them. These values are also plotted in Figure 4 as the
dashed green line.
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Figure 4. Same as Figure 2, but with the added projections of the total yield and the portion
of the total yield due to the techno-intel and CO, effects estimated for the period 2012-2050
(dashed blue, red, and green lines, respectively).
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The Techno-Intel Effect as a Percent of Total Yield for Sugar Cane
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Figure 5. Same as Figure 3, but with a second order polynomial equation fit to the 1961-2011
data, projecting the data forward through 2050.

In order to apply the future estimates of the CO, influence on crop yields to future estimates of
crop production, linear trends in each of the 45 crops’ 1961-2011 production data were next
extended forward in time to provide projections of annual production values through 2050. As
with the historic calculations discussed in the previous section, these production values were
multiplied by the corresponding annual percentage influence of CO, on 2012-2050 projected
crop yields. The resultant values were then multiplied by an estimated gross production value
(in constant 2004-2006 U.S. dollars) for each crop per metric ton. And as there are several
potential unknowns that may influence the future production value assigned to each crop, a
simple 50-year average of the observed gross production values was applied over the period
1961-2011. The ensuing monetary values for each of the 45 crops over the 2012 through 2050
period are listed in Table 4.
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Table 4. The total monetary benefit of Earth’s rising atmospheric CO, concentration on each
of the forty-five crops listed in Table 1 for the period 2012-2050. Values are in constant 2004-

2006 U.S. dollars.

c Production Monetary c Production Monetary
rop Rank Benefit of CO, rop Rank Benefit of CO,

Rice, paddy 4 $1,847,162,847,355 |Beans, dry 33 $121,672,752,990
Wheat 2 $731,810,134,138 |Eggplants (aubergines) 32 5121,040,127,404
Soybeans 11 $622,840,779,401 |Sugar beet 6 5118,016,992,389
Vegetables fresh nes 9 $603,158,136,300 |Pears 41 $106,648,093,649
Maize 3 $582,352,695,047  |Fruit Fresh Nes 34 596,939,989,779
Tomatoes 12 $538,622,004,026 Tangerines, mandarins, clem. 38 $94,049,613,976
Grapes 13 $507,943,670,190  |Fruit, tropical fresh nes a4 592,676,868,053
Sugar cane 1 $366,333,858,080 |Onions, dry 22 583,094,062,469
Apples 19 $306,866,752,703  |Sweet potatoes 10 570,623,018,596
Potatoes 5 $268,944,859,065 |Cassava 7 $66,454,408,155
Yams 26 $206,504,638,016 |Pumpkins, squash and gourds 40 565,141,087,416
Bananas 15 $200,878,216,972 |Lettuce and chicory 39 554,406,821,316
Rapeseed 28 5176,560,583,707 |Coconuts 20 552,278,524,212
Cucumbers and gherkins 29 $165,126,686,871  |Sunflower seed 31 §50,554,512,301
Oranges 17 $165,014,960,801 |Plantains 25 $45,996,854,219
Chillies and peppers, green 37 $162,527,401,900 [Millet 23 543,337,359,355
Olives 42 $157,323,187,194 |Sorghum 14 $38,314,226,074
Groundnuts, with shell 27 $148,440,689,387 |Other melons (inc.cantaloupes) 36 $11,163,081,357
Watermelons 16 5144,909,503,686 |Peas, dry 45 510,484,435,272
Barley 8 $127,842,645,165 |Pineapples 43 $6,926,670,057
Carrots and turnips 35 $126,282,174,308 Rye 24 $5,804,121,850
Mangoes, mangosteens, guavas 30 $124,067,842,115 |Oats 21 54,904,374,119
Cabbages and other brassicas 18 $122,664,616,192 Sum of all crops = $9,764,706,877,630

The results of the above set of calculations once again reveal a tremendous financial benefit of
Earth’s rising atmospheric CO, concentration on global food production. Over the period 2012
through 2050, the projected benefit amounts to $9.8 trillion, which is much larger than the $3.2
trillion that was observed in the longer 50-year historic period of 1961-2011.

FUTURE CO, BENEFITS OR DAMAGES: WHICH IS MORE LIKELY TO OCCUR?

Although determining the net monetary effect of rising atmospheric CO, is beyond the scope of
this analysis, some general comments can be made with respect to the likelihood of damages or
benefits occurring as a result of higher CO, concentrations in the future.

With respect to damages, it is important to note that all SCC studies rely heavily upon computer
model projections of future climate and climate-related indices. Analyses of such state-of-the-
art models, however, have consistently revealed multiple problems in their abilities to
accurately represent and simulate reality (Lupo and Kininmonth, 2013). Spencer (2013), for
example, has highlighted an important model vs. observation discrepancy that exists for
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temperatures in the tropical troposphere. In written testimony before the U.S. Environment
and Public Works Committee, he noted that the magnitude of global-average atmospheric
warming between 1979 and 2012 is only about 50% of that predicted by the climate models.
He also reported that the temperature trend over the most recent 15-year period was not
significantly different from zero (meaning that there has been no temperature rise), despite this
being the period of greatest greenhouse gas concentration increase. Lastly, he writes that the
level of observed tropical atmospheric warming since 1979 is dramatically below that predicted
by climate models. With respect to this last point, Spencer’s graph of mid-tropospheric
temperature variations for the tropics (20°N to 20°S) in 73 current (CMIP5) climate models
versus measurements made from two satellite and four weather balloon datasets is plotted
here as Figure 6.
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Figure 6. Mid-tropospheric temperature variations for the tropics (20°N to 20°S) in 73 current
(CMIP5) climate models versus measurements from two satellite datasets and four weather
balloon datasets. From Spencer (2013).

The level of disagreement between the models and observations of tropical mid-tropospheric
temperatures in Figure 6 is quite striking. It reveals, for example, that the models’ projected
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average values are 0.5°C higher than observations at the end of the record. Although these
data are restricted to the tropics (from 20°N to 20°S), Spencer notes that “this is where almost
50% of the solar energy absorbed by the Earth enters the climate system.”

In concluding his discussion of the topic, Spencer candidly writes:

It is time for scientists to entertain the possibility that there is something wrong with the
assumptions built into their climate models. The fact that all of the models have been
peer reviewed does not mean that any of them have been deemed to have any skill for
predicting future temperatures. In the parlance of the Daubert standard for rules of
scientific evidence, the models have not been successfully field tested for predicting
climate change, and so far their error rate should preclude their use for predicting
future climate change (Harlow & Spencer, 2011).

The sensitivity of temperature to carbon dioxide, which is the amount of total warming for a
nominal doubling of atmospheric carbon dioxide, is the core parameter that ultimately drives
climate model temperature projections. The magnitude of this parameter used in the models is
likely the reason for their overestimation of recent (and likely future projections of)
temperature observations. Although most models incorporate a mean sensitivity of 3.4°C
(range of 2.1 to 4.7°C), several recent studies indicate the true sensitivity is much lower (Annan
and Hargreaves, 2011; Lindzen and Choi, 2011; Schmittner et al., 2011; Aldrin et al., 2012;
Hargreaves et al., 2012; Ring et al., 2012; van Hateren, 2012; Lewis, 2013; Masters, 2013; Otto
et al., 2013). And until such problems are resolved, SCC damage estimates relying on future
temperature projections should be considered to be significantly inflated.

A somewhat related problem with SCC calculations is their inclusion of costs due to sea level
rise. Here, it is presumed that rising temperatures from CO,-induced global warming will result
in an acceleration of sea level rise that will bring on a host of economic damages. There are
two problems with this projection. First, temperatures are not rising in the manner or degree
projected by the models. Second, observations reveal no acceleration of sea level rise over the
past century. In fact, just the opposite appears to be occurring in nature.

Holgate (2007), for example, derived a mean global sea level history over the period 1904-2003.
According to their calculations, the mean rate of global sea level rise was “larger in the early
part of the last century (2.03 + 0.35 mm/year 1904-1953), in comparison with the latter part
(1.45 £ 0.34 mm/year 1954-2003).” In other words, contrary to model projections, the mean
rate of global sea level rise (SLR) has not accelerated over the recent past. If anything, it's done
just the opposite. Such observations are striking, especially considering they have occurred
over a period of time when many have claimed that (1) the Earth warmed to a degree that is
unprecedented over many millennia, (2) the warming resulted in a net accelerated melting of
the vast majority of the world’s mountain glaciers and polar ice caps, and (3) global sea level
rose at an ever increasing rate.
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In another paper, Boretti (2012) applied simple statistics to the two decades of information
contained in the TOPEX and Jason series of satellite radar altimeter data to “better understand
if the SLR is accelerating, stable or decelerating.” In doing so, the Australian scientist reports
that the rate of SLR is reducing over the measurement period at a rate of -0.11637 mm/yearz,
and that this deceleration is also “reducing” at a rate of -0.078792 mm/year’ (see Figure 7).
And in light of such observations, Boretti writes that the huge deceleration of SLR over the last
10 years “is clearly the opposite of what is being predicted by the models,” and that “the SLR’s
reduction is even more pronounced during the last 5 years.” To further illustrate the
importance of his findings, he notes that “in order for the prediction of a 100-cm increase in sea
level by 2100 to be correct, the SLR must be almost 11 mm/year every year for the next 89
years,” but he notes that “since the SLR is dropping, the predictions become increasingly
unlikely,” especially in view of the facts that (1) “not once in the past 20 years has the SLR of 11
mm/year ever been achieved,” and that (2) “the average SLR of 3.1640 mm/year is only 20% of
the SLR needed for the prediction of a one meter rise to be correct.”
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Figure 7. Comparison of Mean Sea Level (MSL) predictions from Rahmstorf (2007) with
measurements from the TOPEX and Jason series. Adapted from Boretti (2012), who states in
the figure caption that “the model predictions [of Rahmstorf (2007)] clearly do not agree with
the experimental evidence in the short term.”
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The real-world data-based results of Holgate and Boretti, as well as those of other researchers
(Morner, 2004; Jevrejeva et al., 2006; Woppelmann et al., 2009; Houston and Dean, 2011), all
suggest that rising atmospheric CO, emissions are exerting no discernible influence on the rate
of sea level rise. Clearly, SCC damages that are based on model projections of a CO,-induced
acceleration of SLR must be considered inflated and unlikely to occur.

Additional commentary could be supplied with respect to other model-based projections of
economic damages resulting from other climate- and extreme weather-related maladies. As
reported in the most recent assessment of the Nongovernmental International Panel on
Climate Change (ldso et al., 2013), in almost all instances model projections of climate and
climate-related catastrophes are not borne out by observational data. Thus, SCC calculations,
which are based on (and even necessitated by) the fulfillment of such computer-projected
catastrophes, must be considered highly suspect and overinflated. In contrast, the monetary
benefits of rising carbon dioxide, calculated to accrue to global crop production in previous
sections of this report, are far more certain to occur, because they are based on hundreds of
laboratory and field observations. It should also be noted that the benefit calculations reported
here, although truly remarkable, may yet be found to be conservative.

Recognizing these positive impacts of rising CO, concentrations, some researchers have begun
to explore ways in which to maximize the influence of atmospheric CO, on crop yields even
more. Much of these efforts are devoted to identifying “super” hybrid cultivars that can
“further break the yield ceiling” presently observed in many crops (Yang et al., 2009). De Costa
et al. (2007), for example, grew 16 genotypes of rice (Oryza sativa L.) under standard lowland
paddy culture with adequate water and nutrients within open-top chambers maintained at
either the ambient atmospheric CO, concentration (370 ppm) or at an elevated CO,
concentration (570 ppm). Their results indicated that the CO,-induced enhancement of the
light-saturated net photosynthetic rates of the 16 different genotypes during the grain-filling
period of growth ranged from +2% to +185% in the yala season (May to August) and from +22%
to +320% in the maha season (November to March). Likewise, they found that the CO,-induced
enhancement of the grain yields of the 16 different genotypes ranged from +4% to +175% in
the yala season and from -5% to +64% in the maha season.

In commenting on their findings, the five Sri Lanka researchers say their results “demonstrate
the significant genotypic variation that exists within the rice germplasm, in the response to
increased atmospheric CO, of yield and its correlated physiological parameters,” and they go on
to suggest that “the significant genotypic variation in this response means that genotypes that
are highly responsive to elevated CO, may be selected and incorporated into breeding
programs to produce new rice varieties which would be higher yielding in a future high CO,
climate.” Selecting such genotypes, as per the results experienced in the De Costa et al. study,
has the potential to increase the CO, monetary benefit per ton of rice by a factor of 4 or more!

Atmospheric CO, enrichment also tends to enhance growth and improve plant functions in the

face of environmental constraints. Conway and Toenniessen (2003), for example, describe how
ameliorating four such impediments to plant productivity — soil infertility, weeds, insects and

Center for the Study of Carbon Dioxide and Global Change © 2013, www.co2science.org.



Page |22

diseases, and drought — significantly boosts crop yields. Therefore, reducing the negative
consequences of each of these yield-reducing factors via human ingenuity should boost crop
productivity in an additive manner. And a continuation of the historical increase in the air’s CO,
content should boost crop productivity even more.

In the case of soil infertility, many experiments have demonstrated that even when important
nutrients are present in the soil in less than optimal amounts, enriching the air with CO, still
boosts crop yields. With respect to the soil of an African farm where their “genetic and agro-
ecological technologies” have been applied, for example, Conway and Toenniessen speak of “a
severe lack of phosphorus and shortages of nitrogen.” Yet even in such adverse situations,
atmospheric CO, enrichment has been reported to enhance plant growth (Barrett et al., 1998;
Niklaus et al., 1998; Kim et al., 2003; Rogers et al., 2006). And if supplemental fertilization is
provided as described by Conway and Toenniessen, even larger CO,-induced benefits above
and beyond those provided by the extra nitrogen and phosphorus applied to the soil would
likely be realized.

In the case of weeds, Conway and Toenniessen speak of one of Africa’s staple crops, maize,
being “attacked by the parasitic weed Striga (Striga hermonthica), which sucks nutrients from
roots.” This weed also infects many other C4 crops of the semi-arid tropics, such as sorghum,
sugar cane and millet, as well as the Cs crop rice, particularly throughout much of Africa, where
it is currently one of the region’s most economically important parasitic weeds. Here, too,
studies have shown that atmospheric CO, enrichment greatly reduces the damage done by this
devastating weed (Watling and Press, 1997; Watling and Press, 2000).

In the case of insects and plant diseases, atmospheric CO, enrichment also helps prevent crop
losses. In a study of diseased tomato plants infected with the fungal pathogen Phytophthora
parasitica, which attacks plant roots inducing water stress that decreases yields, for example,
the growth-promoting effect of a doubling of the air’'s CO, content completely counterbalanced
the yield-reducing effect of the pathogen (Jwa and Walling, 2001). Likewise, in a review of
impacts and responses of herbivorous insects maintained for relatively long periods of time in
CO,-enriched environments, as described in some 30-plus different studies, Whittaker (1999)
noted that insect populations, on average, have been unaffected by the extra CO,. And since
plant growth is nearly universally stimulated in air of elevated CO, concentration, Earth’s crops
should therefore gain a relative advantage over herbivorous insects in a high-CO, world of the
future.

Lastly, in the case of drought, there is a nearly universal bettering of plant water use efficiency
that is induced by atmospheric CO, enrichment. Fleisher et al. (2008), for example, grew
potato plants (Solanum tuberosum cv. Kennebec) from “seed tubers” in soil-plant-atmosphere
research chambers maintained at daytime atmospheric CO, concentrations of either 370 or 740
ppm under well-watered and progressively water-stressed conditions. And in doing so, they
found that “total biomass, yield and water use efficiency increased under elevated CO,, with
the largest percent increases occurring at irrigations that induced the most water stress.” In
addition, they report that “water use efficiency was nearly doubled under enriched CO, when
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expressed on a tuber fresh weight basis.” These results indicate, in the words of the three
researchers, that “increases in potato gas exchange, dry matter production and yield with
elevated CO, are consistent at various levels of water stress as compared with ambient CO,,”
providing what we so desperately need in today’s world, and what we will need even more as
the world’s population continues to grow: significantly enhanced food production per unit of
water used. And there are many other studies that have produced similar results (De Luis et al.,
1999; Kyei-Boahen et al., 2003; Kim et al., 2006).

The same situation exists with respect to excessive heat, ozone pollution, light stress, soil
toxicity and most any other environmental constraint. Atmospheric CO, enrichment generally
tends to enhance growth and improve plant functions to minimize or overcome such challenges
(Idso and Singer, 2009; Idso and Idso, 2011). As researchers continue to explore these benefits
and farmers select cultivars to maximize them, the monetary value of this positive externality of
raising the global CO, concentration of the atmosphere will surely increase.

Considering all of the above, it is thus far more likely to expect the monetary benefits of rising
atmospheric CO; to accrue in the future than it is to expect the accrual of monetary damages.

CONCLUSION

It is clear from the material presented in this report that the modern rise in the air’'s CO,
content is providing a tremendous economic benefit to global crop production. As Sylvan
Wittwer, the father of agricultural research on this topic, so eloquently put it nearly two
decades ago:

“The rising level of atmospheric CO, could be the one global natural resource that is
progressively increasing food production and total biological output, in a world of otherwise
diminishing natural resources of land, water, energy, minerals, and fertilizer. It is a means of
inadvertently increasing the productivity of farming systems and other photosynthetically
active ecosystems. The effects know no boundaries and both developing and developed
countries are, and will be, sharing equally,” for “the rising level of atmospheric CO, is a
universally free premium, gaining in magnitude with time, on which we all can reckon for the
foreseeable future” (Wittwer, 1995).

The relationship described above by Wittwer is illustrated below in Figure 8, where data
pertaining to atmospheric CO, emissions, food production, and human population are plotted.
Standardized to a value of unity in 1961, each of these datasets has experienced rapid and
interlinked growth over the past five decades. Rising global population has led to rising CO,
emissions and rising CO, emissions have benefited food production.

The very real positive externality of inadvertent atmospheric CO, enrichment must be

considered in all studies examining the SCC; and its observationally-deduced effects must be
given premier weighting over the speculative negative externalities presumed to occur in
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computer model projections of global warming. Until that time, little if any weight should be
placed on current SCC calculations.
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Figure 8. Global population, CO, emissions, and food production data over the period 1961-
2010, normalized to a value of unity at 1961. A data value of 2, therefore, represents a value
that is twice the amount reported in 1961. Food production data represent the total
production values of the forty-five crops that supplied 95% of the total world food production
over the period 1961-2011, as listed in Table 1.
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