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On the CoverGlobal population, C{missions, and food production data over the period 12610, normalized

to a value of unity at 1961. A data value of 2, therefore, representsue \thht 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 €@missions, 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 agriceltuMore
efficient machinery and improved plant cultivars, for exampleygohthe way toward higher
crop yields and increased global food prodant And with theever-burgeoning population of

the planet, the increase in food production was a welcomed societal benefit. But what
remained largelyinknownto society at that timewas the birth of an ancillary aid to agriculture
that would confer great benefits uponfuture inhabitants of the globe in the decades and
centuries to come. The source of that aadimospheric carbon dioxide (€O

Several analyses have been conductecestimate potential monetarydamagesof the rising
atmospheric C@®concentration Few, lowever, have attempted to investigate its monetary
benefits Chief among such positive externalities is the economic value added to global crop
production by seval growth-enhancing properties aditmosphericCQ enrichment As literally
thousandsof laboratory and field studies have demonstrated, elevated levels of atmospheric
CQ have been conclusively shown to stimulate plant productivity and growth, as wédl as
foster certainwater-conserving and stresalleviating benefits For a 30Gppm increase in the

I A NI éontdnthfor example,herbaceous plant biomass typically enhanced b5 to 55%,
representngan important positive externalitjhat isabsentfromd 2 R & Go#theai dodial

cost of carbor{SCCgalculations.

The present studyddresses thisleficiencyby providing a quantitative estimate of the direct
monetary benefitsconferred byatmospheric C@enrichment on both historic and futurglobal
crop production. The esults indicate that the annual total monetary valuetlois benefitgrew
from $18.5billion in 1961 to over $40 billion by 2011amounting to a totasum of $32 trillion
over the 50year period 19622011. Projecting the monetay value of this positive externality
forward in time revealst will likely bestow an additional $8 trillion on crop production
between now and 2050.

The incorporation othese findingdnto future SCC studies will help to ensure a more realistic
asessment of the totahet economic impact of risingtmosphericCQ concentrationsdue to
both negativeand positive externalities.Furthermore, theobservationallydeducedbenefits of
atmosphericCQ enrichmenton crop production shouldbe given premier wighting over the
speculative negative externalitigbhat are projectedto occuras a result ocomputer model
computationsof CQ-inducedglobal warming. Untilhis is done little if any weight should be
placed on current SCC calculations.

Center for the Studgf Carbon Dioxide and Global Cham2013, www.co2science.org.
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INTRODUCTION

Advancements in technology and scientific expertise sincéitile 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 teasard higher crop yields

and increased global food production. And wilfe everincreasingpopulation of the planet,

the increase in food production was a welcome societal benefit. But what remained largely
unknownto society at that time, was the hir of an ancillary aid to agriculture that would
confer great benefits uponfuture inhabitants of the globe throughouthe decades and
centuries to come.And the source of that aid: atmospheric carbon dioxide JCQronically,
however, the modern risef i K S GQAicdlIedt is currently viewed by many as a source of
concern not a benefit

Driven primarily by gaseous emissigm®ducedfrom the burning of fossil fuels such as coal,
gas and oil, the a®@ CQ content has risen steadily from a meanncentration of about 280
parts per million (ppm)at the onset of the Industrial Revolutiom 1800 to a value of
approximately 393 ppm today; and if current fuel consumption trends continue, the @anet
atmospheric C@concentrationcouldreachupwards of700 ppmby the end of this century.

One of the more publicized potential consequences of tiisA Yy (i K S, confe?NI® the / h
possibility of significant G@nduced global warmingwhich according toproponents ofthis
hypothesisconstitutes the geatest environmental threat ever to be faced by the biosphere.
Predicting many adverse consequences for human health, ecosystechthe economies of
nations, its supportersontend that augmented atmospheric GQ@oncentrations will alter
important enegy transfer processes in thgarth-oceanratmosphere system, leading to warmer
global temperaturesgevastating heat wavesnelting of substantial portions of the polar ice
caps, rising sea levels, crdpcimating droughts as well asa host of otherclimate- and
extremeweatherrelated maladies.

Against this backdrop of projected negative externalitespnomists and policy makers have
sought toestimate themonetarydamagef rising atmospheric GOSuchcalculations, termed

the social cost of carbo(SCQC)are often usedin evaluatingthe CQ impact of government
rulemakings They are also used asstification forfostering rules and regulationgimed at
redudng CQ emissions In May of 2013 for example,eleven U.S. government agencies
comprisingthe Interagency Working Group on Social Cost of Carbon collaborated to produce a
technical documentito allow agencies to incorporate the social benefits of reducing carbon
dioxide (C® emissions into codbenefit analyses of regulatory actions that ieg cumulative
global emissiores(Interagency Working Group on Social Cost of Carbon, 2013).

Absent (or severelyunderrated) in nearly alSCC analyses, however, is the recognition and

incorporation of important C@inducedbenefits such as improvemenis 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 ChHargfH 3, www.co2science.org.
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the net effect of an increase in temperature is a

Fora 300 - ppm increase in reduction in sickness and death rat€hyistidiset
_ A al., 2010; Wichmanret al, 2011; Egondet al,
t he ai 3 dostentCsOch 2012;Wanitscheket al., 2013:Wu et al., 2013. A

warmer climate, therefore, is less expensiire
terms of health care costs than a colder on&/ith
respect to cropproduction, literally thousandsof
laboratory and field studies have documented
growth-enhancing, water-consering and stress
alleviatingbenefitsof atmospheric C@enrichment

benefits typica Ily enhance
herbaceous plant biomass by

around 30 to 35%, which

represents an important on plants(ldso and Singer, 2009; Idso and Idso,
2011). For a 300ppm increase in the a&& CQ
positive externality entirely content, such benefits typically enhance

herbaceousplant biomass byaround 30 to 35%
absent from tod which represents ammportant positive externality

entirely absent from today@ stateof-the-art SCC
of- the - art SCC calculations . calculations

In the present studythis discrepancys addressed
by providing a quantitative estimate of thdirect monetary benefits of atmospheric GO
enrichment onboth historic and future crop production, making tite first study to provide
such adetailedappraisal. The incorporation othese estimatesnto future SCC studies will help
to ensure a more realistic assessmiernf the total net economic impact of rising GO
concentrationgdue toboth negativeand positive externalities.

HOow RSINGATMOSPHERICQO IS ABIOSPHERIBENEFIT

At a fundamental level, carbon dioxide is the basis of nearly all life on Earth. é psithary

raw material orofoodé utilized bythe vast majority ofplants to produce the organic matter out

of which they construct their tissues, which subsequently become the ultimate source of food
for nearlyall animalsand humans. Consequently, the moCQ there is in the air, the better
plants grow, as has been demonstrated in literatyousands 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 @IICQ 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 GOGoncentrations grew better than control platin ambient air; and

work conducted in the early 1900s significantly increased the number of species in which this
growth-enhancing effect of atmospheric g@nrichment was observed to occur (Demoussy,
19021904; Cummings and Jones, 1918). In fact, bytithe 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 withffeQs

Center for the Studgf Carbon Dioxide and Global Cham2013, www.co2science.org.
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on vegetation had been prepare(btrain, 1978). This body of research demonstrated that
increased levels of atmospheric £@enerally produce increases in plant photosynthesis,
decreases in plant water loss by transpiration, increases in leaf area, and increases in plant
branch and frit 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 th&®aBQ concentration wouldikely

lead to a 50% increase in photosynthesis 4pl@nts, a doubling of water use efficiency in both

G and G plants, significant increases in biological nitrogen fixation in almost all biological
systems, and an increase in the ability of plantsday to a variety of environmental stresses
(Lemon, 1983).

Numerous studies conducted on hundreds of different plant species testify to the very real and
measurable growtkenhancing, watesaving, and stresalleviating advantages that elevated
atmospherc CQ concentrations bestow upon Eathplants (ldso and Singer, 2009; Idso and
Idso, 2011). In commenting on these and many othes-it@lated benefits, Wittwer (1982)
wrote that dthe {reen revolutiofhas coincided with the period of recorded rapidriease 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,®@ildup£ Similarly, Alleret al.
(1987) concluded that yields of soybeans may have been riiog at least 180@due to
global carbon dioxide increasésyhile more recently, Cunnifét al. (2008) hypothesized that
the rise in atmospheric G@ollowing deglaciation of the most recent planetary ice age, was the
triggerthat launched the global aigultural enterprise.

In a test of this hypothesis, Cunndéf al. designedia controlled environment experiment using
five modernday representatives of wild4Crop progenitors, al¥bunder crop§Xrom a variety
of independent centers, which were grown individually in growth chambers maintained at
atmospheric C@concentrations of 180, 280 and 380 ppm, characteristic of glacial;glastal
and modern times, respectively. The results
revealed that the 10ppm increase in G{from
glacial to posttacial levels (180 to 280 ppm)I
ocaused a significant gain in vegetative biomass [of

And as the CO »

up to 40% together with da reduction in the
transpiration rate via decreases in stomatal
conductance of~35%¢ which led to ca 70%
increase in water use efficiency, and rauch
greater productivity potential in watelimited
conditions¢

In discussing their results, the five researchels

concluded thatéthese key physiological change$
could have greatly enhanced the productivity of
wild crop progenitors after deglaciation...

improving the productivity and survival of these
wild G crop progenitors in early agricultural

concentration of the air
continues to rise in the
future, this posi tive
externality of enhanced crop
production will benefit

society in the years, decades,

and even centuries to come

Center for the Studgf Carbon Dioxide and Global Cham2013, www.co2science.org.
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systemst And in this regard, they note thaithe lowered water requirements of ;Gcrop
progenitors under increased G@ould have been particularly benefal in the arid climatic
regions where these plants were domesticatedzor comparative purposes, they also included
one G species in their studg Hordeum spontaneur. Kochg and they report that ittshowed

a neardoubling in biomass compared with gh40% increase in the;Gpecies under growth
treatments equivalent to the postglacial €@se£ In light of these and other similar findings
(Mayeuxet al., 1997), it can be appreciated that the civilizations of the past, which could not
have existed whout agriculture, were largely made possible by the increase in th@ @iQ
content that accompanied deglaciation, and that the peoples of the Earth today are likewise
indebted to this phenomenon, as well as thdditional 110 ppm of C®the atmospherehas
subsequently acquiredAnd as the C&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 centurieo come

DATA

In order to calculte the monetary benefit of rising atmospheric £&ncentrations on historic
crop productiona number of different data sets were requireBrom the United Natiordood
and Agriculture Organization (FAQGnnual global crop yield andproduction data were
obtained as well aghe monetary value associated with that productiRAO, 2013) These
data sources are palished in theFA@R statistical database FAOSTAvhichis available online
at http://faostat.fao.org/site/567/default.aspx#ancor

For the world as a whole, FSDATcontainsdata on theseagriculturalparametersfor over 160
different crops that have been grown and usedhymanitysincel961 No data are available
prior to that time, so he temporal scope othis analysiswas limited to the 50-year time
window of 19622011 In addition, kecause more than half of the crops the databasesach
account for less than 0.1% of the waBdotal food production, it was deemeddth prudent
and adequate todrther constrainthis analysis tdocuson only those crops that accounted for
the top 95% of global food production. This was accomplished by takiraydrage 1962011
production contribution of the most important crop, dahg to that the contribution of the
second most important crop, and continuing in like manner until 95% of the ®Raddal food
production was reached. The rd&uof these procedures produdehe list of 45 cropshown
in Table 1.

Center for the Studgf Carbon Dioxide and Global Cham2013, www.co2science.org.
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Table1l. The fortyfive crops that supplied 95% of the totakorld food production over the
period 19%1-2011.

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 condudhe analysiswere annual global atmospheric G®alues since
1961 and planspecific C@ growth response fetors. The annual global g@ata were
obtained from the most recent United Nations Intergovernmental Panel on Climate Change
report, Annex Il: Climate System Scenario TablEmal Draft Underlying Scientiiechnical
AssessmenPCC, 2013 The plan-specific C@growth response factorg which representhe
percent growth enhancement expected for each crop listed in Taliterésponse ta known

rise in atmospheric CQ were acquired from the online Plant Growth Databas€ Science
(Center forthe Study of Carbon Dioxide and Global Change, 2013).

Located on the Internet ahttp://www.co2science.org/data/plant _growth/plantgrowth.php

the CQ SciencePlant Growth @Rtabase lists the results of thousands of L£énhrichment
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 30Ppm increase in atmospheric g€oncentration for each crop listed

in Table 1 For some crops, however, there were no,@@richment 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 tHéQ Sciencd’lant Growth Database. For example, the
designationOrangesrepresents a single FAO crop category in the FAO databagbgyetwere

Center for the Studgf Carbon Dioxide and Global Cham2013, www.co2science.org.


http://www.co2science.org/data/plant_growth/plantgrowth.php

Page| 9

two different types oforangeslisted in theCQ Sciencealatabase Citrus aurantiumandCitrus
reticulata x C. paradisi x C. reticulptarhus, in order to produce a single number to represent
the CQ-induced growth response for th@ranges category, a weighted average fronhet
growth responses oboth orange species listed in th&€Q Sciencedatabase 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 respons@&0 plant category for a 300

ppm increase in the & CQ concentration for all 45 crops listed in Table 1, which values are
based upon data downloaded from tl@&0Q Sciencdlant Growth Database on 1 October 2013.

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

Crop
Sugar cane
Wheat
Maize
Rice, paddy
Potatoes
Sugar beet
Cassava
Barley
Vegetables fresh nes
Sweet potatoes
Soybeans
Tomatoes
Grapes
Sorghum
Bananas
Watermelons
Oranges
Cabbages and other brassicas
Apples
Coconuts
Oats
Onions, dry
Millet

% Biomass Change
34.0%
34.9%
241%
36.1%
31.3%
65.7%
13.8%
35.4%
41.1%
33.7%
45.5%
35.9%
68.2%
19.9%
44.8%
41.5%
54.9%
39.3%
44.8%
44.8%
34.8%
20.0%
44.3%

Crop
Rye
Plantains
Yams
Groundnuts, with shell
Rapeseed
Cucumbers and gherkins
Mangoes, mangosteens, guavas
Sunflower seed
Eggplants (aubergines)
Beans, dry
Fruit Fresh Nes
Carrots and turnips
Other melons (inc.cantaloupes)
Chillies and peppers, green
Tangerines, mandarins, clem.
Lettuce and chicory
Pumpkins, squash and gourds
Pears
Olives
Pineapples
Fruit, tropical fresh nes
Peas, dry

% Biomass Change
38.0%
44.8%
47.0%
47.0%
46.9%
44.8%
36.0%
36.5%
41.0%
61.7%
72.3%
77.8%
4.7%
41.1%
29.5%
18.5%
41.5%
44.8%
35.2%
5.0%
72.3%
29.2%

HISTORIGAONETARBENEFITALCULATIOBANDRESULTS

The first step in determining the monetary beriadi historicalatmospheric C@enrichment on
historic crop production begins by calculating what portion of each @rapnual yield over the

period 19612011 was due t& | O K

@Sl NRa

Ay O NBcorzehtrafioyff abbvé tHe2 & LIK S N

baseline value of 280pm that existed at the beginning of the Industrial Revolution

Center for the Studgf Carbon Dioxide and Global Cham2013, www.co2science.org.
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lllustrating this process for wheat, in 1961 the global yield of wheat from the FAOSTAT database
was 10,889 hectograms per hectare (Hg/Ha), the atmosphericcG@rentration was 317.4
ppm, representing an increase of 37.4 ppm above the-ppfh baseline, while the G@rowth
response factor for wheat as listed in Table 2 is 34.9% for gopf0increase in GO To
determine the impact of the 37.4 ppm rise in atmospheric, ©® 1961 wheat yikls, the
wheat-specific C@growth response factor of 34.9% per 300 ppm, @Orease (mathematically
written as 34.9%/300 ppm) is multiplied by the 37.4 ppm increase ntk&d has occurred

since the Industrial Revolution. The resultant value of 4.3%fi6ates 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/H&0,889/1.0435 = 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 ins@Ce the start of the Industrial
Revoltion. Similar calculations are then made for each of the remaining years in tigeds0
period, as well as for each of the 44 remaining crops accounting for 95% of global food
production.

The next steps to determine whaftpercentageof the total annualyield of each crop in each

year was due to C® 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, th&4l Hg/Ha yield due to GGn 1961 was divided by

the total 10,889 Hg/Ha wheat yieldif that year, revealing that 4.2% of the total wheat yield

in 1961 was due to thaistoricalrise in atmospheric GO Again, such percentage calculations
were completedfor all crops for each year in the §@ar period 19622011.

Knowing theannual percentage influences of CQ on all crop yields(production per Ha)the
next stepis to determine how that influences manifestedn total crop productiorvalue This
was accomplished bymultiplying the CQ-induced yield percentage increases by the
correspondingannualproductionof each crop, and by then aitiplying these data by the gross
productionvalue (in constant 2004006 U.S. dollarg)f each cropper metric ton,which data
were obtained from the FBSTAT database, the end resultwdfich calculations becomean
estimate ofthe annual monetary benefibf atmosphericCQ enrichment(above the baselinef
280 ppm) on crop production since 196And these monetary vales are presentefbr each of
the 45 crops under examination in Table 3.

Center for the Studgf Carbon Dioxide and Global Cham2013, www.co2science.org.
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Table3. The total monetary benefitof Earth® rising atmospheric C{roncentrationon each
of the forty-five crops listed in Table 1 for the 5@ear period B61-2011. Values are in

constant 20042006 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 Eartising atmospheric GO
concentration orglobal food productionisenormous Such benefit®ver the period 1962011
have amounted taat least $1 billion for eacbf the 45 cropsexamined and for nine of the
cropsthe monetary increase due to GOver this period isvell over $100 Hlion. The largest of
these benefitsis noted forrice, wheat andgrapes which saw increases ob6%9 billion, 74
billion and R70billion, respectively.

Another interestingaspect ofthese calculationscan be seenn Figure 1 which showsthe
annual total monetary value of the G®enefit for all 45 crops over the Sgear period from
1961-2011. As sen there, the annual value of the g®enefit has increased over time
Whereasit amounted to approximately #8.5 billion in 1961, ly the end of the record it had
grown to over $20 billion annually And n summingthese annuabenefitsacross the entire
50-year time period the total CQ-induced benefit on global food productiosince 1961
amounts to $32 trillion.

Center for the Studgf Carbon Dioxide and Global Cham2013, www.co2science.org.
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Figurel. The total annuaimonetary value of thedirect CQ benefit on crop production for all
45 crops studiedver the 50year period from 19612011.

FUTUREMONETARBENEFITALCULATIONS ANRESULS

The method of estimatinduture monetary benefits of rising atmospheric £€ncentrations
on crop production were slightly differerfitom those used in calculatinipe historic valuesof
the previous sectionIn explaining thesenethods sugar canewill serveas the example.

First,the 19612011 historic yield data for sugaaneare plotted as the solid blue line in Figure

2. Next, thatportion of each yed® amual yield that was due to rising carbon dioxide, as per
calculations described in the prior sectigthe solid green ling)was subtracted out The
resultant values are depicteas the solid red linen Figure2. 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 théechneintel effect as it derives primarily from contimg advancements

in agricultural technology and scientific research that expand our knowledge or intelligence
base.

Center for the Studgf Carbon Dioxide and Global Cham2013, www.co2science.org.



Page]| 13

800,000

—Total Yield

700,000  —Techno-Intel Yield
—CO2 Yield /_/\/://\_\
600,000 AT\ A\

’C-:E\ v o
= W
< 500,000 \ AV
= 7
(]
2
© 400,000
c
[
O
= 300,000
(@)
>
(p]
200,000
100,000

0
1950 1960 1970 1980 1990 2000 2010 2020

Year

Figure2. Plot of the total yield of sugar cane over the period 192011 (blue line), along
with plots of that portion of the total yield attributed to advancements in agricultural
technology and scientific research (the techntel effect, red line) and productivity
increases from rising atmospheric G€oncentrations (green line).

The difference between théechnointel line and the observed yield line above it represents
the annual yield contribution due to rising atmospheric,Q@hich difference is also plotted in
Figure2 as the solid green lineAs depictedhere, the relative influence of atmospher€Q on
the total yield of sugar cane is increasing with time. This fact is further borne &idgjume3,
wheretechnointel yield valuesre plottedas a percentage of total sugar cane yieWhereas
the influence of technology and intelligence accouhfer approximately 6% of the observed
yield values in the early 1960s, by the end of record in 2011 it accounted for @ly 8
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The Techndntel Effect as a Percent of Total Yield for Sugar Cane
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Figure3. The percentage of the total annual yield of sugar eaver the period 19612011
that is attributed to the technaintel effect.

Focusing onthe future, the 19612011 linear trend of the techneintel yield lineis next
projected forward to the year 2050. Depicted as the dashed red lin€igure4, this line
representsthe best estimatethat can be madeof the effect of technology and innovation on
future sugar cane crop yield$:ollowing this stepa secondorder polynomiahas been fittedo
the data depicted in Figur8, and this relationshipis projected forward in time (Figurg) to
obtain an estimate of the annual contribution dfie techno-intel effect on the total yield
through 2050. Next,the total yield for each yedretween2012and 2050can becalculated by
dividing the linear projection of the techratel line in Figure4 (dashed red line) by the
corresponding yearlyorecasted percentageontribution of the techegintel line to the total
yield, asdepicted by the polynomigbrojectionfit to the data and extended through 2050 in
Figure5. These resultant values, plotted in Rige 4 as the dashed blue line, providan
estimate of thetotal annual crop yield from 2012 through 205&y knowing the annual total
yield, as well as the portion of the annual total yield that is due to the teeahte effect
between 2012 and 2050, thpart of the total yield that is due to G@an be calculated by
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subtracting the difference between them. These values are also plotted in Fgasethe
dashed green line.
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Figure4. Same as Figurg, but with the added progctions of the total yield and the portion
of the total yield due to the technentel and CQ effects estimated for the period 201-2050
(dashed blue, red, and green lines, respectively).
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The Techndntel Effect as a Percent of Total Yield for Sugar Cane
1.00
y =-0.000009% + 0.034316x 31.706818
Rz =0.998970

0.90
. 0.80
c
(¢}
o
[}
o

0.70

0.60

0.50

1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050 2060
Year

Figure5. Same as Figurs, but with asecond order polynomial equation fit to the 1962011
data, projecting the data forward through 2050

In order © apply the future estimates of the G fluence on crop yields to fute estimates of
crop production linear trends in each of the 45 crapk961-2011 production data wer@ext
extendedforward in time to provideprojectionsof annual production values through 2050. As
with the historic calculationgliscussed in the previous sectiothese production values were
multiplied by the correspondig annual percentage influence of £anh 20122050 projected
crop yields. The resultant values were then multiplied by an estimated gross production value
(in constant 2004006 U.S. dollardpr each crop per metric ton. il as there are several
potential unknownsthat may influencethe future production value assigned to each crap,
simple 50year average of the observed gross production valwas appliedover the period
1961-2011. Theensuing monetary values for eaolithe 45 cropver the 2012 though 2050
period are listed in Table. 4
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Table4. The total monetary benefit of Eart® rising atmospheric C{roncentration on each
of the forty-five crops listed in Table 1 for the perio20122050. Values are in constant 2004
2006 U.S. dollars.

The results of the above set of calculations once again reveal a tremefidaunsial benefit of
Earth@ rising atmospheric G@oncentration on global food productionOver the period 2012
through 2050, the projected benefdmounts to$9.8trillion, which is much larger than the $3.
trillion that wasobserved irthe longer 50year historic period 01961-2011

FUTURECQ BENEFI$S ORDAMAGE. WHICH IMORHEUKELY TOCCUR

Although determining thenet monetary effect of rising atmospheric € keyond the scope of
this analysis, some general comments can be made with respect likélidoodof damages or
benefits occurrings a result of higher G@oncentrationsn the future

With respect to damaged, is important to note that alSCGtudiesrely heavily upon computer
model projections of future climate and climatelated indices Analyses of suchktate-of-the-
art models, however, have consistenthgvealed multiple problems in their abiliés to
accurately represent and simulate realiiyupo and Kininmonth2013) Spencer (2013), for
example, has highlighted an important model vs. observation discrepandiat exists for
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