
Todays class - ASIC200 (we aim to be done by 8:45pm today):

Housekeeping: Harry Potter D&D, twitter 

Dave’s climate change lecture (1.5hr):
- (Super) quick synopsis of video content
- Overview of “Physical Science Basis: Summary for Policy 

Makers, IPCC 2013)
- Overview of “Global Warming of 1.5C: Summary for Policy 

Makers, 2018)

Allen will highlight an upcoming assignment on an international 
climate change conference simulation.

Dave (if there is time) will provide an overview of the table top role 
playing game assignment.

Climate Change Science!
– These videos are basically the background science for understanding how climate 
change trends happen, how they are measured, how predictions can be made, and 
how predictions can be validated.  Dave is well aware that it is a LOT of information 
(and would be killer if there is a requirement to memorize all of it)!  

- Consequently, it’s been designed so that you can get the general idea upon watching 
(and maybe also taking a peek at the written notes).  The written notes are especially 
handy, because they highlight parts that should be looked at more closely for the exam.  

– Note the primary objective is that this background science gives you the ability to 
comprehend text from the IPCC policy summary (physical basis), as well as the Special 
Report on 1.5C Warming - but again there is no need to memorize any of the details, 
but general concepts and ideas would be fair game when presented with appropriate 
context. 



Climate Change Science!

1. CO2 and mean global temperatures having been rising, and 
continue to rise.  How do we know this?  How do we know 
what happened in the past, especially the distance past.

2. What the heck is electromagnetic radiation, and what is this 
business of absorption and remission into different forms?  
What does this mean when you talk about something like 
light energy (from the sun) and having that energy turning 
into heat.

3. How does that energy move around in the troposphere.  
What the heck is the troposphere?

4. How can you make future predictions?  How does science 
trust these predictions (validate these models)?

YOUR PRIMARY READING FOR CLIMATE CHANGE SCIENCE…

(Note: next one to come in ~2021)



(Note: next one to come in ~2021)

SUMMARY OF THE SCIENCE THAT TALKS ABOUT WHAT HAPPENED 
SO FAR, AND WHAT IS GONNA HAPPEN IN THE FUTURE.

Let’s prep a document for politicians 
that summarizes in less than 30 pages, 
what is essentially an 1500 page report 
that functions as both science textbook 
and the meatiest scientific review of all 
the pertinent climate change science 
literature out there.   

Let’s also do this every few years, 
because the science gets better and 
better and we can fine tune some of 
these predictions.  This is version 5 that 
you’ve been asked to look at (version 6 
is coming out in a few years).  The 
biggest point of feedback for V5 in 
recent years is that it tends to be too 
conservative in its predictions.

(Note: next one to come in ~2021)

TYPE OF FUTURE: REPRESENTATIVE CONCENTRATION PATHWAY
IMPACT MEASURED VIA: RADIATIVE FORCING



SCIENCE IS REALLY ABOUT DISCOVERY, KNOWLEDGE, AND INFORMATION ALL 
FRAMED AROUND EVIDENCE AND PROBABILITIES. THE STRENGTH AND VALIDITY 
OF THE EVIDENCE GIVES YOU A SENSE OF THE PROBABILITIES INVOLVED.

OK, WELL WHAT NEEDS TO BE DONE TO HOLD IT AT 1.5C, BECAUSE 
IF YOU THINK 1.5C IS BAD, GET A LOAD OF 2.0C



ARTICLE
doi:10.1038/nature12540

The projected timing of climate departure
from recent variability
Camilo Mora1, Abby G. Frazier1, Ryan J. Longman1, Rachel S. Dacks2, Maya M. Walton2,3, Eric J. Tong3,4, Joseph J. Sanchez1,
Lauren R. Kaiser1, Yuko O. Stender1,3, James M. Anderson2,3, Christine M. Ambrosino2,3, Iria Fernandez-Silva3,5,
Louise M. Giuseffi1 & Thomas W. Giambelluca1

Ecological and societal disruptions by modern climate change are critically determined by the time frame over which
climates shift beyond historical analogues. Here we present a new index of the year when the projected mean climate of
a given location moves to a state continuously outside the bounds of historical variability under alternative greenhouse gas
emissions scenarios. Using 1860 to 2005 as the historical period, this index has a global mean of 2069 (618 years s.d.) for
near-surface air temperature underan emissions stabilization scenario and 2047 (614 years s.d.) undera ‘business-as-usual’
scenario. Unprecedented climates will occur earliest in the tropics and among low-income countries, highlighting the
vulnerability of global biodiversity and the limited governmental capacity to respond to the impacts of climate change.
Our findings shed light on the urgency of mitigating greenhouse gas emissions if climates potentially harmful to biodiversity
and society are to be prevented.

Climate is a primary driver of biological processes, operating from
individuals to ecosystems, and affects several aspects of human life.
Therefore, climates without modern precedents could cause large and
potentially serious impacts on ecological and social systems1–5. For
instance, species whose persistence is shaped by the climate can
respond by shifting their geographical ranges4–7, remaining in place
and adapting5,8, or becoming extinct8–11. Shifts in species distributions
and abundances can increase the risk of extinction12, alter community
structure3 and disrupt ecological interactions and the functioning of
ecosystems. Changing climates could also affect the following: human
welfare, through changes in the supply of food13 and water14,15; human
health16, through wider spread of infectious vector-borne diseases17,18,
through heat stress19 and through mental illness20; the economy, through
changes in goods and services21,22; and national security as a result of
population shifts, heightened competition for natural resources, viol-
ent conflict and geopolitical instability23. Although most ecological and
social systems have the ability to adapt to a changing climate, the
magnitude of disruption in both ecosystems and societies will be
strongly determined by the time frames in which the climate will reach
unprecedented states1,2. Although several studies have documented the
areas on Earth where unprecedented climates are likely to occur in
response to ongoing greenhouse gas emissions24,25, our understanding
of climate change still lacks a precise indication of the time at which the
climate of a given location will shift wholly outside the range of his-
torical precedents.

To provide an indication of the projected timing of climate depar-
ture under alternative greenhouse gas emissions scenarios, we have
developed an index that determines the year when the values of a
given climatic variable exceed the bounds of historical variability
for a particular location (Fig. 1a). We emphasize that although our
index commonly identifies future dates, this does not imply that
climate change is not already occurring. In fact, our index projects
when ongoing climate change signals the start of a radically different
climate. For this analysis we used the projections of 39 Earth System

Models developed for the Coupled Model Intercomparison Project
phase 5 (CMIP5). The bounds of climate variability were quantified as
the minimum and maximum values yielded by the Earth System
Models with the CMIP5 ‘historical’ experiment, which for all models
included the period from 1860 to 2005. This experiment included
observed changes in atmospheric composition (reflecting both anthro-
pogenic and natural sources) and was designed to model the climate’s
recent past and allow the validation of model outputs against available
climate observations26. The year at which a climate variable moves out
of the historical bounds was estimated independently with data from
the Representative Concentration Pathways 4.5 (RCP45) and 8.5
(RCP85), which included the period from 2006 to 2100. These path-
ways or scenarios represent contrasting mitigation efforts between
a concerted rapid CO2 mitigation and a ‘business-as-usual’ scenario
(CO2 concentrations could increase to 538 and 936 p.p.m. by 2100,
according to RCP45 and RCP85, respectively27,28). A more aggressive
mitigation scenario (RCP 2.6) was not analysed, because it was not
consistently used among models, and the implicit mitigation effort is
considered currently unfeasible29.

We analysed five climate variables for the atmosphere and two for
the oceans (Extended Data Table 1). However, we report results with
mean annual near-surface air temperature as our indicator of the
climate, unless otherwise specified. Simulated and actual measure-
ments of temperature for the period 1986–2005 were remarkably
similar (Extended Data Fig. 1). In comparison with any individual
model’s results, the multi-model average best fitted the actual data
(Extended Data Fig. 1). We therefore describe our results on the basis
of multi-model averages. We show standard deviations to report the
spatial variability in our results. Multi-model uncertainty (that is, the
variability between models in the predicted years) was measured as
the standard error of the mean, which for near-surface air temper-
ature had a global value of 4.2 years for RCP45 and 2.7 years for
RCP85 (Extended Data Fig. 2a). Multi-model uncertainty for all vari-
ables is shown in Extended Data Fig. 2.

1Department of Geography, University of Hawai‘i at Mānoa, Honolulu, Hawai‘i 96822, USA. 2Department of Biology, University of Hawai‘i at Mānoa, Honolulu, Hawai‘i 96822, USA. 3Hawai‘i Institute of
Marine Biology, University of Hawai‘i at Mānoa, Kāne‘ohe, Hawai‘i 96744, USA. 4Department of Oceanography, University of Hawai‘i at Mānoa, Honolulu, Hawai‘i 96822, USA. 5 Trans-disciplinary
Organization for Subtropical Island Studies (TRO-SIS), University of the Ryukyus, Senbaru, Nishihara, Okinawa 903-0213, Japan.
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AR5 - E8: A large fraction of anthropogenic climate change resulting from CO2 emissions 
is irreversible on a multi-century to millennial time scale, except in the case of a large net 
removal of CO2 from the atmosphere over a sustained period. Surface temperatures will 
remain approximately constant at elevated levels for many centuries after a complete 
cessation of net anthropogenic CO2 emissions. Due to the long time scales of heat transfer 
from the ocean surface to depth, ocean warming will continue for centuries. Depending on 
the scenario, about 15 to 40% of emitted CO2 will remain in the atmosphere longer than 
1,000 years. 

AR5 - E1: Relative to the average from year 1850 to 1900, global surface temperature 
change by the end of the 21st century is projected to likely exceed 1.5°C for RCP4.5, 
RCP6.0 and RCP8.5 (high confidence). Warming is likely to exceed 2°C for RCP6.0 and 
RCP8.5 (high confidence), more likely than not to exceed 2°C for RCP4.5 (high confidence), 
but unlikely to exceed 2°C for RCP2.6 (medium confidence). Warming is unlikely to exceed 
4°C for RCP2.6, RCP4.5 and RCP6.0 (high confidence) and is about as likely as not to 
exceed 4°C for RCP8.5 (medium confidence). 

AR5 - E1: Increase of global mean surface temperatures for 2081–2100 relative to 1986–
2005 is projected to likely be in the ranges derived from the concentration-driven CMIP5 
model simulations, that is, 0.3°C to 1.7°C (RCP2.6), 1.1°C to 2.6°C (RCP4.5), 1.4°C to 3.1°C 
(RCP6.0), 2.6°C to 4.8°C (RCP8.5). The Arctic region will warm more rapidly than the global 
mean, and mean warming over land will be larger than over the ocean (very high 
confidence)

5.5C

2.0C
1.5C



SR15 - A.1 Human activities are estimated to have caused approximately 1.0°C of global 
warming above pre-industrial levels, with a likely range of 0.8°C to 1.2°C. Global warming is 
likely to reach 1.5°C between 2030 and 2052 if it continues to increase at the current rate. 
(high confidence) (Figure SPM.1 - i.e. above) {1.2}

AR5 - D1: The observed reduction in surface warming trend over the period 1998 to 2012 as 
compared to the period 1951 to 2012, is due in roughly equal measure to a reduced trend in 
radiative forcing and a cooling contribution from natural internal variability, which includes 
a possible redistribution of heat within the ocean (medium confidence). The reduced trend 
in radiative forcing is primarily due to volcanic eruptions and the timing of the downward 
phase of the 11-year solar cycle. However, there is low confidence in quantifying the role of 
changes in radiative forcing in causing the reduced warming trend. There is medium 
confidence that natural internal decadal variability causes to a substantial degree the 
difference between observations and the simulations; the latter are not expected to 
reproduce the timing of natural internal variability. There may also be a contribution from 
forcing inadequacies and, in some models, an overestimate of the response to increasing 
greenhouse gas and other anthropogenic forcing (dominated by the effects of aerosols). 
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AR5 - B2: More than 60% of the net energy increase in the climate system is stored in the 
upper ocean (0–700 m) during the relatively well-sampled 40-year period from 1971 to 2010, 
and about 30% is stored in the ocean below 700 m. The increase in upper ocean heat 
content during this time period estimated from a linear trend is likely 17 [15 to 19] × 1022 J

It is about as likely as not that ocean heat content from 0–700 m increased more slowly 
during 2003 to 2010 than during 1993 to 2002. Ocean heat uptake from 700–2000 m, where 
interannual variability is smaller, likely continued unabated from 1993 to 2009.

Abrahams et al., 2013. A review of global ocean temperature observations: 
Implications for ocean heat content estimates and climate change. 10.1002/rog.20022
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Coverage bias in the HadCRUT4 temperature series and its
impact on recent temperature trends.

Kevin Cowtana∗ Robert G. Wayb
aDepartment of Chemistry, University of York, UK

bDepartment of Geography, University of Ottawa, Canada
∗Correspondence to: kevin.cowtan@york.ac.uk

Incomplete global coverage is a potential source of bias in global temperature
reconstructions if the unsampled regions are not uniformly distributed over
the planet’s surface. The widely used HadCRUT4 dataset covers on average
about 84% of the globe over recent decades, with the unsampled regions being
concentrated at the poles and over Africa. Three existing reconstructions with
near-global coverage are examined, each suggesting that HadCRUT4 is subject
to bias due to its treatment of unobserved regions.
Two alternative approaches for reconstructing global temperatures are
explored, one based on an optimal interpolation algorithm and the other
a hybrid method incorporating additional information from the satellite
temperature record. The methods are validated on the basis of their skill at
reconstructing omitted sets of observations. Both methods provide superior
results than excluding the unsampled regions, with the hybrid method showing
particular skill around the regions where no observations are available.
Temperature trends are compared for the hybrid global temperature
reconstruction and the raw HadCRUT4 data. The widely quoted trend since
1997 in the hybrid global reconstruction is two and a half times greater than
the corresponding trend in the coverage-biased HadCRUT4 data. Coverage
bias causes a cool bias in recent temperatures relative to the late 1990s which
increases from around 1998 to the present. Trends starting in 1997 or 1998 are
particularly biased with respect to the global trend. The issue is exacerbated
by the strong El Niño event of 1997-1998, which also tends to suppress trends
starting during those years. Copyright c⃝ 0000 Royal Meteorological Society

Key Words: Instrumental temperature record, coverage bias, temperature trends

1. Introduction

The instrumental temperature record, based on land-based
weather station readings and sea surface temperature
readings from ships and buoys, forms a vital source of
information concerning climate over the last century and
beyond. Time series of local monthly average temperatures
(gridded datasets) and global averages are produced by
several organisations, with the HadCRUT product of the
Hadley Center and Climatic Research Unit being one of the
most widely cited (Brohan et al. 2006; Morice et al. 2012).

The GISTEMP product from NASA’s Goddard Institute
for Space Studies (Hansen et al. 2010) and the National
Climatic Data Center (NCDC) product (Smith et al. 2008)
are also widely used. A new land-only product from the
Berkeley Earth ‘BEST’ project (Rohde et al. 2013a) has
introduced a number of statistical improvements in the
handling of data homogenisation and coverage.

All these temperature reconstructions are based on in
situ readings using thermometers. While the production
and calibration of reliable thermometers has been well
established for several centuries, how the thermometers are

This article has been accepted for publication and undergone full peer review but has not been 
through the copyediting, typesetting, pagination and proofreading process, which may lead to 
differences between this version and the Version of Record. Please cite this article as doi: 
10.1002/qj.2297 
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AR5 - B1: It is virtually certain that globally the troposphere has warmed since the mid-20th 
century. More complete observations allow greater confidence in estimates of tropospheric 
temperature changes in the extratropical Northern Hemisphere than elsewhere. There is 
medium confidence in the rate of warming and its vertical structure in the Northern 
Hemisphere extra-tropical troposphere and low confidence elsewhere.
Confidence in precipitation change averaged over global land areas since 1901 is low prior 
to 1951 and medium afterwards. Averaged over the mid-latitude land areas of the Northern 
Hemisphere, precipitation has increased since 1901 (medium confidence before and high 
confidence after 1951). For other latitudes area-averaged long-term positive or negative 
trends have low confidence 



WHICH ONE IS FALSE?
1. A paper examining the albedo effects of the vast 
sheep population in New Zealand has been previously 
published.  In this paper, it noted the sharp decline in 
sheep numbers in a 2006 foot and mouth outbreak 
correlated strongly with noticeably lowered reflection 
measurements.

2. Climate change is predicted to affect teleost fishes 
(like sharks) in that their sense of smell will be 
impaired.  
  
3.  Research has shown that cow farts contribute 
significant positive radiative forcing.

AR5 - E7: Earth System Models project a global increase in ocean acidification for 
all RCP scenarios. The corresponding decrease in surface ocean pH by the end of 
21st century is in the range of 0.06 to 0.07 for RCP2.6, 0.14 to 0.15 for RCP4.5, 0.20 
to 0.21 for RCP6.0, and 0.30 to 0.32 for RCP8.5 



© 2005 Nature Publishing Group 

 

Anthropogenic ocean acidification over
the twenty-first century and its impact on
calcifying organisms
James C. Orr1, Victoria J. Fabry2, Olivier Aumont3, Laurent Bopp1, Scott C. Doney4, Richard A. Feely5,
Anand Gnanadesikan6, Nicolas Gruber7, Akio Ishida8, Fortunat Joos9, Robert M. Key10, Keith Lindsay11,
Ernst Maier-Reimer12, Richard Matear13, Patrick Monfray1†, Anne Mouchet14, Raymond G. Najjar15,
Gian-Kasper Plattner7,9, Keith B. Rodgers1,16†, Christopher L. Sabine5, Jorge L. Sarmiento10, Reiner Schlitzer17,
Richard D. Slater10, Ian J. Totterdell18†, Marie-France Weirig17, Yasuhiro Yamanaka8 & Andrew Yool18

Today’s surface ocean is saturated with respect to calcium carbonate, but increasing atmospheric carbon dioxide
concentrations are reducing ocean pH and carbonate ion concentrations, and thus the level of calcium carbonate
saturation. Experimental evidence suggests that if these trends continue, key marine organisms—such as corals and
some plankton—will have difficulty maintaining their external calcium carbonate skeletons. Here we use 13 models of the
ocean–carbon cycle to assess calcium carbonate saturation under the IS92a ‘business-as-usual’ scenario for future
emissions of anthropogenic carbon dioxide. In our projections, Southern Ocean surface waters will begin to become
undersaturated with respect to aragonite, a metastable form of calcium carbonate, by the year 2050. By 2100, this
undersaturation could extend throughout the entire Southern Ocean and into the subarctic Pacific Ocean. When live
pteropods were exposed to our predicted level of undersaturation during a two-day shipboard experiment, their
aragonite shells showed notable dissolution. Our findings indicate that conditions detrimental to high-latitude
ecosystems could develop within decades, not centuries as suggested previously.

Ocean uptake of CO2 will help moderate future climate change, but
the associated chemistry, namely hydrolysis of CO2 in seawater,
increases the hydrogen ion concentration [Hþ]. Surface ocean pH
is already 0.1 unit lower than preindustrial values. By the end of the
century, it will become another 0.3–0.4 units lower1,2 under the IS92a
scenario, which translates to a 100–150% increase in [Hþ]. Simul-
taneously, aqueous CO2 concentrations [CO2(aq)] will increase and
carbonate ion concentrations ½CO22

3 #will decrease, making it more
difficult for marine calcifying organisms to form biogenic calcium
carbonate (CaCO3). Substantial experimental evidence indicates that
calcification rates will decrease in low-latitude corals3–5, which form
reefs out of aragonite, and in phytoplankton that form their tests
(shells) out of calcite6,7, the stable form of CaCO3. Calcification rates
will decline along with ½CO22

3 #owing to its reaction with increasing
concentrations of anthropogenic CO2 according to the following
reaction:

CO2 þCO22
3 þH2O! 2HCO2

3 ð1Þ

These rates decline even when surface waters remain supersaturated
with respect to CaCO3, a condition that previous studies have
predicted will persist for hundreds of years4,8,9.
Recent predictions of future changes in surface ocean pH and

carbonate chemistry have primarily focused on global average
conditions1,2,10 or on low latitude regions4, where reef-building corals
are abundant. Here we focus on future surface and subsurface
changes in high latitude regions where planktonic shelled pteropods
are prominent components of the upper-ocean biota in the Southern
Ocean, Arctic Ocean and subarctic Pacific Ocean11–15. Recently, it has
been suggested that the cold surface waters in such regions will begin
to become undersaturated with respect to aragonite only when
atmospheric CO2 reaches 1,200 p.p.m.v., more than four times the
preindustrial level (4 £ CO2) of 280 p.p.m.v. (ref. 9). In contrast, our
results suggest that some polar and subpolar surface waters will
become undersaturated at ,2 £ CO2, probably within the next 50
years.

ARTICLES
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AR5 - B5: Ocean acidification is quantified by decreases in pH. The pH of ocean 
surface water has decreased by 0.1 since the beginning of the industrial era (high 
confidence), corresponding to a 26% increase in hydrogen ion concentration 

CO2 + H2O      H2CO3      H+ + HCO3−

Methane Emissions from Cattle 

K. A. Johnson*  and D. E. Johnson’ 

Departments of Animal Science, *Washington State University,  Pullman 99164 
and ?Colorado State University Fort Collins, 48824 

ABSTRACT: Increasing  atmospheric  concentra- 
tions of methane  have led scientists to examine its 
sources of origin. Ruminant livestock can produce 250 
to 500 L of methane  per  day.  This level of production 
results  in  estimates of the contribution by cattle to  
global warming that may occur in  the next 50 to 100 
yr to be a little  less  than 2%. Many factors influence 
methane emissions from cattle  and  include  the follow- 
ing: level of feed intake,  type of carbohydrate  in  the 
diet, feed processing, addition of lipids or ionophores t o  
the  diet,  and  alterations  in  the  ruminal microflora. 
Manipulation of these  factors  can reduce methane 
emissions from cattle. Many techniques  exist to 
quantify  methane emissions from individual or groups 
of animals.  Enclosure  techniques are precise but 
require  trained  animals  and may limit  animal move- 
ment. Isotopic and nonisotopic tracer techniques  may 

also be used effectively. Prediction  equations  based on 
fermentation  balance or feed characteristics  have been 
used to estimate  methane production. These  equations 
are useful, but  the  assumptions  and conditions that 
must be met for each equation  limit  their  ability to  
accurately  predict methane production. Methane 
production from groups of animals can  be  measured by 
mass  balance, micrometeorological, or tracer methods. 
These  techniques  can  measure methane emissions 
from animals  in  either indoor or outdoor enclosures. 
Use of these  techniques and knowledge of the factors 
that impact  methane production can result  in  the 
development of mitigation strategies to  reduce meth- 
ane losses by cattle.  Implementation of these  strate- 
gies should result  in enhanced  animal productivity 
and decreased contributions by cattle to  the  at- 
mospheric methane budget. 

Key Words: Cattle,  Methane, Global Warming 

Introduction 

Cattle  typically lose 6% of their ingested  energy as 
eructated  methane. Animal science nutrition  research 
has focused on finding  methods to  reduce methane 
emissions because of its inefficiency not because of the 
role of methane  in global warming. However, because 
methane can affect climate  directly  through its 
interaction  with long-wave infrared  energy  and  in- 
directly  through  atmospheric oxidation reactions that 
produce COz, a potent  greenhouse gas, more recent 
attention  has been given to its potential  contribution 
to climatic  change and global warming. Recent meas- 
urements of methane  trapped  in  polar ice showed 
atmospheric  concentrations of methane  remained  rela- 
tively stable at approximately 750 ppb until  nearly 
100 yr ago when  concentrations  began to rise to  

‘Presented at a  symposium  entitled  “Impact of Methane 
Emissions from Beef Cattle on the Environment” at  the 1994 ASAS/ 
ADSA Annu. Mtg., Minneapolis, MN. Washington State  University, 
Pullman,  Agric. Res. Sta., project no. 0918; paper  no. 8101. 
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present levels of approximately 1,800 ppb (Khalil  et 
al., 1993). The more than 500 Tg ( 1  Tg = 1 million 
metric tons) of methane  that  enters  the  atmosphere 
annually exceeds its atmospheric and  terrestrial 
oxidation (IPCC, 1992). At this  rate,  methane  is 
expected to cause 15 to 17% of the global warming 
over the  next 50 yr (IPCC, 1992). This excess 
methane  has led to several  examinations of its 
sources. 

Methane sources are fairly well established  (Table 
l), but  the  relative  and  absolute sizes of the various 
sources are open to question  (Cicerone  and  Oremland, 
1988). Very recent radiocarbon [14C-] isotope meas- 
urements on atmospheric methane indicate that 
between 20 and 30% is of fossil origin. Sources 
contributing old carbon include 1)  gas drilling, 
venting,  and  distribution; 2 )  mining; and 3 )  wetland 
emissions that contain carbon that  has been stored for 
several  thousand  years.  The  remaining 70 to 80% of 
atmospheric  carbon is derived from sources that yield 
contemporary carbon: enteric  fermentation  (animals 
and  insects),  natural wetlands, biomass burning, 
oceans and  lakes, rice production, and  waste  treat- 
ment  (landfills, sewage, etc.). The world’s 1.3 billion 
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AR5 - B5: Concentrations of CO2, CH4, and N2O now substantially exceed the 
highest concentrations recorded in ice cores during the past 800,000 years. The 
mean rates of increase in atmospheric concentrations over the past century are, 
with very high confidence, unprecedented in the last 22,000 years. 
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Abstract
Climate change and permafrost thaw have been suggested to increase high latitude methane
emissions that could potentially represent a strong feedback to the climate system. Using an
integrated earth-system model framework, we examine the degradation of near-surface
permafrost, temporal dynamics of inundation (lakes and wetlands) induced by hydro-climatic
change, subsequent methane emission, and potential climate feedback. We find that increases
in atmospheric CH4 and its radiative forcing, which result from the thawed, inundated
emission sources, are small, particularly when weighed against human emissions. The
additional warming, across the range of climate policy and uncertainties in the climate-system
response, would be no greater than 0.1 �C by 2100. Further, for this temperature feedback to
be doubled (to approximately 0.2 �C) by 2100, at least a 25-fold increase in the methane
emission that results from the estimated permafrost degradation would be required. Overall,
this biogeochemical global climate-warming feedback is relatively small whether or not
humans choose to constrain global emissions.
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1. Introduction

There is general agreement that 21st century warming will
be pronounced at higher latitudes. One likely ramification
of this warming will be the increased vulnerability of
the large carbon reservoirs in the Arctic and boreal
permafrost (Schuur and Abbott 2011). Permafrost thaw
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influences local hydrology, vegetation composition, and
ecosystem functioning (Smith et al 2005, Christensen
et al 2004). Of particular concern is the permafrost in
near-surface, carbon-rich, ice-rich soils. Increased thawing
of these soils can transform the hydrologic landscape to
aid in the formation/expansion of saturated areas such as
lakes and wetlands (Zimov et al 1997, Shindell et al 2004).
Subsequently, anaerobic decomposition of thawed organic
carbon results in emission of methane, a potent greenhouse
gas, which could constitute a positive feedback to the climate
system (Walter et al 2006, Anisimov 2007).
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AR5 - E7: The release of CO2 or CH4 to the atmosphere from thawing permafrost 
carbon stocks over the 21st century is assessed to be in the range of 50 to 250 GtC 
for RCP8.5 (low confidence). 
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Abstract

Forest disturbances are major sources of carbon dioxide to the atmosphere, and therefore impact global climate. Bio-
geophysical attributes, such as surface albedo (reflectivity), further control the climate-regulating properties of forests.
Using both tower-based and remotely sensed data sets, we show that natural disturbances from wildfire, beetle out-
breaks, and hurricane wind throw can significantly alter surface albedo, and the associated radiative forcing either
offsets or enhances the CO2 forcing caused by reducing ecosystem carbon sequestration over multiple years. In the
examined cases, the radiative forcing from albedo change is on the same order of magnitude as the CO2 forcing. The
net radiative forcing resulting from these two factors leads to a local heating effect in a hurricane-damaged mangrove
forest in the subtropics, and a cooling effect following wildfire and mountain pine beetle attack in boreal forests with
winter snow. Although natural forest disturbances currently represent less than half of gross forest cover loss, that
area will probably increase in the future under climate change, making it imperative to represent these processes
accurately in global climate models.
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Introduction

Terrestrial disturbances are primary regulators of the
global carbon cycle (Running, 2008), and can switch
entire ecosystems from carbon sinks to sources (Luysse-
art et al., 2008). Increasing evidence suggests major nat-
ural forest disturbances are increasing in frequency
and/or intensity under climate change, including fire
(Westerling et al., 2006), insect outbreaks (Raffa et al.,
2008), and landfalling hurricanes (Bender et al., 2010).
Over the last decade, these three disturbances
destroyed ca. 2–4 million ha of forest annually in the
United States alone (Forest Service USDA, 2008; Sch-
wind, 2008; Zeng et al., 2009). In British Columbia (BC),
the extent of forest mortality caused by mountain pine
beetle (MPB) has reached unprecedented levels. In
2007, the affected area surpassed 10 million ha (Westfall
& Ebata, 2009). A warming and drying in the region
associated with climate change has allowed the beetle
to expand its range to these exceptional limits (Carroll

et al., 2003). Warming climate has also contributed to
increasing the size and frequency of wildfires (Kas-
ischke & Turetsky, 2006). Over the last 50 years, an
average 2 million ha of boreal forest have burned each
year in North America (Stocks et al., 2002). A recent esti-
mate indicates that over the last 150 years, landfalling
hurricanes have released an average 25 Tg of carbon
per year in the United States alone (Zeng et al., 2009).
This is enough carbon to offset 9–18% of the annual US
forest carbon sink. Hurricane Katrina destroyed an esti-
mated 105 Tg of biomass when it made landfall on the
US Gulf coast in 2005 (Chambers et al., 2007).
However, little is known about the impacts of these

forest disturbances on albedo, and therefore it is
unclear whether these disturbances will generate rein-
forcing climate feedbacks (Dale et al., 2001; Running,
2008; Adams et al., 2010). Disturbances that decrease
surface albedo (reflectivity) have the potential to create
a positive (heating) radiative forcing by increasing the
amount of solar radiation absorbed in the climate sys-
tem. In the case of fire in boreal forests, the increase in
surface albedo following fire can offset the heating
associated with the carbon released to the atmosphere
(Randerson et al., 2006). This occurs under snowy con-
ditions because open (i.e. burned) spaces, relative to
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AR5 - D3: It is likely that there has been an anthropogenic contribution to observed 
reductions in Northern Hemisphere spring snow cover since 1970. 
SR15 - B.3.3 High-latitude tundra and boreal forests are particularly at risk of 
climate change-induced degradation and loss, with woody shrubs already 
encroaching into the tundra (high confidence) and this will proceed with further 
warming. Limiting global warming to 1.5°C rather than 2°C is projected to prevent 
the thawing over centuries of a permafrost area in the range of 1.5 to 2.5 million km2 
(medium confidence). {3.3.2, 3.4.3, 3.5.5} 

1. Research on the effect of climate change on squirrel 
sex has been published in peer reviewed journals.

2.  Survey evidence has shown that when viewers watch 
a “Cli-Fi” movie like The Day After Tomorrow - a big 
budget action movie about a catastrophic change in 
water and wind patterns - they will become more 
concerned about climate change.

3. In 2011, the state of North Carolina passed a bill that 
deemed it illegal for the sea level to increase greater 
than a “projected” 20cm by 2100.

WHICH ONE IS FALSE?



AR5 - D3: Greenhouse gases contributed a global mean surface warming likely to 
be in the range of 0.5°C to 1.3°C over the period 1951 to 2010, with the contributions 
from other anthropogenic forcings, including the cooling effect of aerosols, likely to 
be in the range of −0.6°C to 0.1°C. The contribution from natural forcings is likely to 
be in the range of −0.1°C to 0.1°C, and from natural internal variability is likely to be 
in the range of −0.1°C to 0.1°C. Together these assessed contributions are 
consistent with the observed warming of approximately 0.6°C to 0.7°C over this 
period. 
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Many studies have addressed the effects of climate change on species as a
whole; however, few have examined the possibility of sex-specific differences.
To understand better the impact that changing patterns of snow-cover have on
an important resident Arctic mammal, we investigated the long-term (13 years)
phenology of hibernating male arctic ground squirrels living at two nearby
sites in northern Alaska that experience significantly different snow-cover
regimes. Previously, we demonstrated that snow-cover influences the timing
of phenological events in females. Our results here suggest that the end of
heterothermy in males is influenced by soil temperature and an endogenous
circannual clock, but timing of male emergence from hibernation is influenced
by the timing of female emergence. Males at both sites, Atigun and Toolik, end
heterothermy on the same date in spring, but remain in their burrows while
undergoing reproductive maturation. However, at Atigun, where snowmelt
and female emergence occur relatively early, males emerge 8 days earlier
than those at Toolik, maintaining a 12-day period between male and female
emergence found at each site, but reducing the pre-emergence euthermic
period that is critical for reproductive maturation. This sensitivity in timing
of male emergence to female emergence will need to be matched by phase
shifts in the circannual clock and responsiveness to environmental factors
that time the end of heterothermy, if synchrony in reproductive readiness
between the sexes is to be preserved in a rapidly changing climate.

1. Introduction
In Arctic regions, the rate of climate warming is occurring two to three times that
of the global average, and warming has accelerated from 0.15–0.178C decade21

(1961–1990) to 0.3–0.48C decade 21 [1–6]. Concurrent with this environmental
change, there have been significant changes in the geographical distribution,
phenotypes, abundance and the timing of recurring seasonal events (phenology)
of Arctic species [5,7]. Animal and plant phenologies are among the best-studied
traits in response to climate change, and there is now ample evidence that over
the past three decades the phenology of many organisms has advanced in
response to warmer springs [8–10].

Although phenological responses at lower latitudes are primarily related to
changes in temperature, in snow-dominated environments such as the Arctic,
phenology can be more influenced by timing and patterns of snow-cover. For
example, studies on plants have shown that later snowmelt in spring, owing to
increased snow depth, delayed the phenology of flowering, regardless of tempera-
ture [11–14]. In contrast, environments with earlier spring snowmelt are associated
with advanced spring events in plants, mammals and arthropods [15–17].

If species that interact across trophic levels respond differently in their phen-
ology in response to trends in climate change, timing mismatches may occur
between linked trophic levels. Many studies have shown that climate change
has induced mismatches between the timing of breeding in animals and
their food source, which can have negative effects on reproductive success

& 2013 The Author(s) Published by the Royal Society. All rights reserved.
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SR15 - B.3.1 Of 105,000 species studied, 6% of insects, 8% of plants and 4% of 
vertebrates are projected to lose over half of their climatically determined 
geographic range for global warming of 1.5°C, compared with 18% of insects, 16% 
of plants and 8% of vertebrates for global warming of 2°C (medium confidence). 
Impacts associated with other biodiversity-related risks such as forest fires and the 
spread of invasive species are lower at 1.5°C compared to 2°C of global warming 
(high confidence). {3.4.3, 3.5.2} 

SR15 - B.3.2 Approximately 4% (interquartile range 2–7%) of the global terrestrial 
land area is projected to undergo a transformation of ecosystems from one type to 
another at 1ºC of global warming, compared with 13% (interquartile range 8–20%) at 
2°C (medium confidence). This indicates that the area at risk is projected to be 
approximately 50% lower at 1.5°C compared to 2°C (medium confidence). {3.4.3.1, 
3.4.3.5}



SR15 - B.5.2 Any increase in global warming is projected to affect human health, 
with primarily negative consequences (high confidence). Lower risks are projected 
at 1.5°C than at 2°C for heat-related morbidity and mortality (very high confidence) 
and for ozone-related mortality if emissions needed for ozone formation remain 
high (high confidence). Urban heat islands often amplify the impacts of heatwaves 
in cities (high confidence). Risks from some vector-borne diseases, such as malaria 
and dengue fever, are projected to increase with warming from 1.5°C to 2°C, 
including potential shifts in their geographic range (high confidence). {3.4.7, 3.4.8, 
3.5.5.8}

SR15 - B.5.1 Populations at disproportionately higher risk of adverse consequences 
with global warming of 1.5°C and beyond include disadvantaged and vulnerable 
populations, some indigenous peoples, and local communities dependent on 
agricultural or coastal livelihoods (high confidence). Regions at disproportionately 
higher risk include Arctic ecosystems, dryland regions, small island developing 
states, and Least Developed Countries (high confidence). Poverty and disadvantage 
are expected to increase in some populations as global warming increases; limiting 
global warming to 1.5°C, compared with 2°C, could reduce the number of people 
both exposed to climate-related risks and susceptible to poverty by up to several 
hundred million by 2050 (medium confidence).
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AR5 - E4: It is very likely that the Atlantic Meridional Overturning Circulation 
(AMOC) will weaken over the 21st century. Best estimates and ranges for the 
reduction are 11% (1 to 24%) in RCP2.6 and 34% (12 to 54%) in RCP8.5. It is likely 
that there will be some decline in the AMOC by about 2050, but there may be some 
decades when the AMOC increases due to large natural internal variability. 

AR5 - E4: It is very unlikely that the AMOC will undergo an abrupt transition or 
collapse in the 21st century for the scenarios considered. There is low confidence 
in assessing the evolution of the AMOC beyond the 21st century because of the 
limited number of analyses and equivocal results. However, a collapse beyond the 
21st century for large sustained warming cannot be excluded. 

http://svs.gsfc.nasa.gov/vis/a000000/a003800/a003884/



Replacement House Bill 819, section 2, paragraph e.

AR5 - E6: Global mean sea level rise for 2081–2100 relative to 1986–2005 will likely 
be in the ranges of 0.26 to 0.55 m for RCP2.6, 0.32 to 0.63 m for RCP4.5, 0.33 to 0.63 
m for RCP6.0, and 0.45 to 0.82 m for RCP8.5 (medium confidence). For RCP8.5, the 
rise by the year 2100 is 0.52 to 0.98 m, with a rate during 2081 to 2100 of 8 to 16 mm 
yr–1 (medium confidence). These ranges are derived from CMIP5 climate 
projections in combination with process-based models and literature assessment of 
glacier and ice sheet contributions 

1. One informal study found that only a single academic, 
out of over 9000 published in peer reviewed climate 
change research (all scientific papers published from 
November 2012 to December 2013), rejected man made 
global warming.

2. Some calculations suggest that on average, each 
North American wastes approximately 500kcal of food 
each day - roughly equivalent to a 30% of the total 
dietary needs of an average woman.

3. The first convincing model of geoengineering effects 
suggests that use of sulphates in the atmosphere can 
inadvertently lead to issues of global inequity.

WHICH ONE IS FALSE?



AR5 - E8: Methods that aim to deliberately alter the climate system to counter climate 
change, termed geoengineering, have been proposed. Limited evidence precludes a 
comprehensive quantitative assessment of both Solar Radiation Management (SRM) and 
Carbon Dioxide Removal (CDR) and their impact on the climate system. CDR methods have 
biogeochemical and technological limitations to their potential on a global scale. There is 
insufficient knowledge to quantify how much CO2 emissions could be partially offset by 
CDR on a century timescale. Modelling indicates that SRM methods, if realizable, have the 
potential to substantially offset a global temperature rise, but they would also modify the 
global water cycle, and would not reduce ocean acidification. If SRM were terminated for 
any reason, there is high confidence that global surface temperatures would rise very 
rapidly to values consistent with the greenhouse gas forcing. CDR and SRM methods carry 
side effects and long-term consequences on a global scale. 

AR5 - E8: Methods that aim to deliberately alter the climate system to counter climate 
change, termed geoengineering, have been proposed. Limited evidence precludes a 
comprehensive quantitative assessment of both Solar Radiation Management (SRM) and 
Carbon Dioxide Removal (CDR) and their impact on the climate system. CDR methods have 
biogeochemical and technological limitations to their potential on a global scale. There is 
insufficient knowledge to quantify how much CO2 emissions could be partially offset by 
CDR on a century timescale. Modelling indicates that SRM methods, if realizable, have the 
potential to substantially offset a global temperature rise, but they would also modify the 
global water cycle, and would not reduce ocean acidification. If SRM were terminated for 
any reason, there is high confidence that global surface temperatures would rise very 
rapidly to values consistent with the greenhouse gas forcing. CDR and SRM methods carry 
side effects and long-term consequences on a global scale. 
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SR15 - C.1.4 Solar radiation modification (SRM) measures are not included in any of the 
available assessed pathways. Although some SRM measures may be theoretically effective 
in reducing an overshoot, they face large uncertainties and knowledge gaps as well as 
substantial risks and institutional and social constraints to deployment related to 
governance, ethics, and impacts on sustainable development. They also do not mitigate 
ocean acidification. (medium confidence) {4.3.8, Cross-Chapter Box 10 in Chapter 4}

AR5 - D3: It is extremely likely that more than half of the observed increase in global 
average surface temperature from 1951 to 2010 was caused by the anthropogenic 
increase in greenhouse gas concentrations and other anthropogenic forcings 
together. The best estimate of the human-induced contribution to warming is similar 
to the observed warming over this period.

http://www.desmogblog.com/2014/01/08/why-climate-deniers-have-no-scientific-credibility-only-1-9136-study-authors-rejects-global-warming



AR5 - D3: It is extremely likely that more than half of the observed increase in global 
average surface temperature from 1951 to 2010 was caused by the anthropogenic 
increase in greenhouse gas concentrations and other anthropogenic forcings 
together. The best estimate of the human-induced contribution to warming is similar 
to the observed warming over this period.

ht
tp

s:
//w

ww
.s

ke
pt

ic
al

sc
ie

nc
e.

co
m

/g
lo

ba
l-w

ar
m

in
g-

sc
ie

nt
ific

-c
on

se
ns

us
-a

dv
an

ce
d.

ht
m

The Progressive Increase of Food Waste in America and
Its Environmental Impact
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Abstract

Food waste contributes to excess consumption of freshwater and fossil fuels which, along with methane and CO2 emissions
from decomposing food, impacts global climate change. Here, we calculate the energy content of nationwide food waste
from the difference between the US food supply and the food consumed by the population. The latter was estimated using
a validated mathematical model of metabolism relating body weight to the amount of food eaten. We found that US per
capita food waste has progressively increased by ,50% since 1974 reaching more than 1400 kcal per person per day or 150
trillion kcal per year. Food waste now accounts for more than one quarter of the total freshwater consumption and ,300
million barrels of oil per year.
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Introduction

Recent spikes in food prices have led to increasing concern
about global food shortages and the apparent need to increase
agricultural production [1,2]. Surprisingly little discussion has
been devoted to the issue of food waste. Quantifying food waste at
a national level is difficult because traditional methods rely on
structured interviews, measurement of plate waste, direct exam-
ination of garbage, and application of inferential methods using
waste factors measured in sample populations and applied across
the food system [3–6]. In contrast, national agricultural produc-
tion, utilization, and net external trade are tracked and codified
in detailed food balance sheets published by the Food and
Agriculture Organization of the United Nations (FAO) [7]. The
food balance sheets provide a comprehensive assessment of the
national food supply, including alcohol and beverages, adjusted for
any change of food stocks over the reference period [8]. Since
1974, there has been a progressive increase in the per capita US
food supply. Over the same period, there has also been an increase
of body weight as manifested by the US obesity epidemic. We
sought to estimate the energy content of food waste by comparing
the US food supply data with the calculated food consumed by the
US population.
Energy from ingested food supports basal metabolism and

physical activities, both of which are functions of body weight.
Surplus ingested energy is stored in the body and is reflected by a
change of body weight. Because the average body weight of the
US population has been increasing over the past 30 years, it is not
immediately clear how much of the increased food supply was
ingested by the population. Quantifying the food intake underlying
an observed change of body weight requires knowing the energy
cost of tissue deposition and the increased cost of physical activ-
ity and metabolic rate with weight gain. Here, we develop and

validate a mathematical model of human energy expenditure that
includes all of these factors and used the model to calculate the
average increase of food intake underlying the observed increase of
average adult body weight in the US since 1974 as measured by
the US National Health and Nutrition Examination Survey
(NHANES) [9].

Results

Figure 1A shows the increase of average body weight among US
adults over the past 30 years (D). Assuming no change of physical
activity, Figure 1B shows our model predicted average food intake
(solid curve) and 95% confidence intervals (dashed curves)
underlying the observed weight gain (see Methods for model
details). Figure 1B also plots the US food supply data from the FAO
food balance sheets (#)[7] and the US Department of Agriculture
(USDA) food availability data adjusted for wastage (&)[10] over the
period 1974–2003. Figure 1C shows the progressive increase of per
capita food waste in America (solid curve) calculated by subtracting
the model predicted average food intake from the FAO per capita
food supply data. In 1974 approximately 900 kcal per person per
day was wasted whereas in 2003 Americans wasted,1400 kcal per
person per day or,150 trillion kcal per year. Figure 1C shows that
our estimate of the increasing energy content of US food waste is
corroborated by the parallel increase of the per capita annual mass
of municipal solid food waste (m) calculated from data supplied by
the US Environmental Protection Agency [11]. Municipal solid
food waste accounts for ,30% of the total wasted food energy
assuming that solid food from the US diet has an energy density of
1.9 kcal/g [12]. Figure 1D shows that food waste has progressively
increased from about 30% of the available food supply in 1974 to
almost 40% in recent years (solid curve) whereas the USDA
estimate of food waste (calculated by subtracting the USDA food
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SR15 - B.6 Most adaptation needs will be lower for global warming of 1.5°C 
compared to 2°C (high confidence). There are a wide range of adaptation options 
that can reduce the risks of climate change (high confidence). There are limits to 
adaptation and adaptive capacity for some human and natural systems at global 
warming of 1.5°C, with associated losses (medium confidence). The number and 
availability of adaptation options vary by sector (medium confidence). {Table 3.5, 
4.3, 4.5, CrossChapter Box 9 in Chapter 4, Cross-Chapter Box 12 in Chapter 5} 

(1400 kcal 
per person 
per day!)



Plastic Bottles, 2007. By Chris Jordan (part of his “Running the Numbers” exhibit)
This image depicts the number of plastic beverage bottles used in the US every 15 minutes (2007 
statistics)

4.7 to 7.7 gha

4.7

7.7
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If you think about it…

Science, in a way, has already provided us with everything we 
need to know about climate change (and most people get it too).  
Broken down, this means that (1) we know what the problem is; 
(2) we know about the consequences; and (3) we even know what 
needs to be done to fix it.

So why is this so hard?


