
See something.
Think of a reason why.

Figure out a way to 
check your 
reason. And?

Now, everyone gets to dump on you.

Repeat until consensus formed.
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- Weather is the set of all extant phenomena in a given 
atmosphere at a given time.

- Climate is the average and variations of weather in a region 
over long periods of time.

FACT: 
The Earth is getting warmer.

Instrumental records: 1st example (1659) Quasi-global (~1850s)
International Meterorological Organization (1873) 
World Meteorological Organization (1950)

Pre: 1800s rely on PROXY DATA

Tree Rings as example of Proxy Data

http://www.climatedata.info/Proxy/Proxy/
treerings_introduction.html

Berkeley Earth Surface Temperature, 2011 still in progress 
(lead scientist: Richard Muller)

http://berkeleyearth.org/



NASA Goddard Institute for Space Studies analyzis of global 
temperature data.

http://svs.gsfc.nasa.gov/vis/a000000/a003600/a003674/index.html

FACT: 
The Earth is getting warmer.

FACT: 
There is more CO2 in the Earth’s 
atmosphere. Much of this is due to 
human activity.

CO2 historical trends

Ice Cores as example of Proxy Data
http://www.climatedata.info/Proxy/Proxy/icecores.html

Carbon Cycle logistics.

Can track C from fossil fuel burning to see how much (or how 
quick) the cycle operates.

FACT: 
The Earth is getting warmer.

FACT: 
There is more CO2 in the Earth’s 
atmosphere. Much of this is due to 
human activity.

FACT: 
CO2 is a greenhouse gas. 

It all starts with the Sun



!
Electromagnetic radiation basics.  With a little quantum stuff 
thrown in.

Key thing is that energy can be absorbed and re-emitted

Carbon Dioxide is a Greenhouse Gas.  This simply means that it 
can absorb energy at thermal radiation frequency.

FACT: 
The Earth is getting warmer.

FACT: 
There is more CO2 in the Earth’s 
atmosphere. Much of this is due to 
human activity.

FACT: 
CO2 is a greenhouse gas. 

WANT!

HYPOTHESIS: 
The increase in temperature is largely due to the anthropogenic 
production of CO2 (“very likely” - 90%).



A theory is the more impressive the greater the simplicity of its premises, the more different 
kinds of things it relates, and the more extended its area of applicability. Therefore the deep 
impression that classical thermodynamics made upon me. It is the only physical theory of 
universal content which I am convinced will never be overthrown, within the framework of 
applicability of its basic concepts.
    -A. Einstein.

Lisa, get in here. In this house we obey the laws of thermodynamics!
    -Homer Simpson.

The laws of thermodynamics are to science what 
Shakespeare is to literature.

THERMODYNAMICS

FTW!

Also colloquially referred to as the “conservation of energy” rule.

It’s about book keeping

What is the troposphere? In a nutshell, the troposphere is the lowest portion of 
Earth's atmosphere comprising about 75% of the total mass of the atmosphere. 
It’s here that almost all of its water vapor and aerosols are present.  

TROPOPAUSE: This represents the place, where the temperature gradients do 
flip flop from the surface of the Earth (the top part of the troposphere)

The flowchart...

Breakdown of the flowchart...

Incoming + immediately 
outgoing

Outgoing from surface. 
(+ the incoming to the 
atmosphere)

That which is absorbed 
by the “atmosphere” and 
re-emitted.



The radiative forcing of the surface-troposphere* system due to the 
perturbation in or the introduction of an agent (say, a change in greenhouse 
gas concentrations) is the change in net irradiance (solar plus long-wave; in 
Wm-2) at the tropopause AFTER allowing for stratospheric temperatures to 
readjust to radiative equilibrium, but with surface and tropospheric 
temperatures and state held fixed at the unperturbed values.

!
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Anthropogenic and natural warming inferred from
changes in Earth’s energy balance
Markus Huber and Reto Knutti*
The Earth’s energy balance is key to understanding climate
and climate variations that are caused by natural and an-
thropogenic changes in the atmospheric composition. Despite
abundant observational evidence for changes in the energy
balance over the past decades1–3, the formal detection of cli-
mate warming and its attribution to human influence has so
far relied mostly on the difference between spatio-temporal
warming patterns of natural and anthropogenic origin4–6. Here
we present an alternative attribution method that relies on the
principle of conservation of energy, without assumptions about
spatial warming patterns. Based on a massive ensemble of
simulations with an intermediate-complexity climate model we
demonstrate that known changes in the global energy balance
and in radiative forcing tightly constrain the magnitude of
anthropogenic warming. We find that since the mid-twentieth
century, greenhouse gases contributed 0.85 ◦C of warming
(5–95% uncertainty: 0.6–1.1 ◦C), about half of which was off-
set by the cooling effects of aerosols, with a total observed
change in global temperature of about 0.56 ◦C. The observed
trends are extremely unlikely (<5%) to be caused by internal
variability, even if current models were found to strongly
underestimate it. Our method is complementary to optimal
fingerprinting attribution and produces fully consistent results,
thus suggesting an even higher confidence that human-induced
causes dominate the observedwarming.

The optimal fingerprint detection and attribution framework
provides a rigorous, statistical method to quantify the contributions
of different external forcings and internal variability to the observed
climate changes7. In essence, it is based on a regression of the
observations onto model simulated patterns and relies on the
spatio-temporal response patterns from different forcings being
clearly distinct. The assumptions are that climate models simulate
the spatial patterns reasonably well and that regional responses
from different forcings can be scaled and combined linearly. The
global energy budget is not necessarily conserved and observed
changes in the energy budget are not considered. Previous studies
showed that observed patterns of surface air temperature provide a
constraint on the human contribution to the observed warming4.
Here we demonstrate that the global energy balance provides a
further strong, comprehensive andphysicallymotivated constraint.

In equilibrium, the Earth emits as much energy by outgoing
longwave radiation at the top of the atmosphere as it receives
net shortwave radiation from the sun. Robust evidence for
recent deviations from that equilibrium comes from a variety of
observations and model simulations1,8. The most likely value of
the current net radiative forcing F is estimated at 1.6Wm−2,
compensated by further outgoing longwave radiation λT and energy
uptake of the planet Q:

F =Q+λT (1)

Institute for Atmospheric and Climate Science, ETH Zurich, Universitätstrasse 16, 8092 Zurich, Switzerland. *e-mail: reto.knutti@env.ethz.ch.

Owing to its large heat capacity, the ocean accounts for more than
85% of the energy content change Q in the climate system9. A
robust ocean warming trend is evident despite sparse data and
uncertainties and biases in ocean observations3,10. The feedback
parameter λ is inversely related to climate sensitivity11.

We use a massive ensemble of the Bern2.5D climate model
of intermediate complexity12,13, driven by bottom-up estimates
of historic radiative forcing F , and constrained by a set of
observations of the surface warming T since 1850 and heat uptake
Q since the 1950s (see Methods). The Special Report on Emissions
Scenarios (SRES) A2 (ref. 14) emission scenario is used as one
illustration of a non-intervention scenario. The radiative forcing
time series15,16 are shown in Fig. 1 along with the probabilistic
model output based on the constrained model parameters17. The
energy balance model has no natural interannual variability but is
able to reproduce the observed global trend of past temperature
and ocean heat uptake. Uncertainties in surface warming, ocean
heat uptake and in all individual radiative forcing components are
considered (see Methods).

Figure 2a shows the contribution of different forcing species to
the accumulated forcing since the year 1850. The partitioning of
the net cumulative forcing into ocean heat uptake and outgoing
longwave radiation is illustrated in Fig. 2b. Between 1850 and
2010, the climate system accumulated a total net forcing energy
of 140×1022 J with a 5–95% uncertainty range of 95–197×1022 J,
corresponding to an average net radiative forcing of roughly 0.54
(0.36–0.76)Wm−2. The additional energy input is balanced in
nearly equal parts by ocean heat uptake and outgoing longwave
radiation. About 83% of the accumulated energy from carbon
dioxide forcing alone of 164 (151–178) × 1022 J is offset by
the combined negative direct and indirect effect of aerosols.
However, there are large uncertainties for the radiative forcing
of aerosols, in particular for the indirect effect. The negative
forcings of stratospheric ozone, black and organic carbon, as well
as the positive forcings of stratospheric water vapour and nitrous
oxide, play only a minor role in the cumulative forcing budget.
The positive and negative non-CO2 forcings are also of similar
magnitude. For an A2 scenario, the historic cumulative forcing
would be doubled in the next 33 (28–38) years and tripled in
52 (45–60) years.

The model results for 1950–2004 are shown in Fig. 2c,d and
compare very well with recent observational estimates2, partly as
a result of calibrating the model to the observed total ocean and
surface warming. Although the estimates for most forcing agents
are similar, we infer a larger energy flux from variations in solar
irradiance as a result of the particular forcing reconstruction used.
If anything our estimate of the solar contribution is likely to
be overestimated (see Methods). Ocean heat uptake for 3,000m
depth is also larger, but the model is only constrained using
data to 700m depth. Furthermore, uncertainties in ocean heat
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It would appear that most recent calculations 
suggest that at least 74% of the climate change we 
see is due to human activity.
http://www.nature.com/news/at-least-three-quarters-of-climate-change-is-man-made-1.9538

WANT! HYPOTHESIS: 
These greenhouse gas amounts and increases in temperature will 
lead to predictable (and bad) effects to the planet and its 
inhabitants.

In short:                  dU = internal energy
                                dQ = heat
                                dW = work

ADJUSTING LEVELS OF WORK - AIR, WATER, EVEN LAND.



ADJUSTING LEVELS OF INTERNAL ENERGY.
ICE MELTING, SEA LEVELS, TROPIC BANDS
CHANGE IN CHEMICAL REACTIONS

Boyles Law:
P = Pressure, V = Volume, N = number of molecules of gas
R = a constant to tie it all together (8.314472 m3 . Pa . K-1 . mol-1)
T = Temperature

demo

Boyles Law:
P = Pressure, V = Volume, N = number of molecules of gas
R = a constant to tie it all together (8.314472 m3 . Pa . K-1 . mol-1)
T = Temperature

This is what you get when you combine the First Law of 
Thermodynamics with Boyles Law.  This is often referred to as a 
formal rendition of the the 1st Law for atmospheric 
considerations.

dq = cv,m dT +  Pa  dV
  Ma

.

Models are composed of algorithms (a step by step calculation), 
which in turn are based on processing mathematical expressions, 
which in turn may be derived from physical laws, which in turn 
are derived from the things people see and do and measure 
everyday and throughout history.

IPCC SCENARIOS.



VALIDATING MODELS. (I.E. HOW DO YOU TRUST MODELS?)

SIMPLE VERSUS COMPLEX. BEST MODELS ARE THE ONES 
THAT FIT REALITY.

“Firstly, it can be run for a number of years over simulated time and the climate generated by the model 
compared in detail to the current climate.”
Here, a valid model is one where average distribution and season variations of appropriate parameters such 
as surface pressure, temperature and rainfall compare well.  As well, noted variability in the model should 
coincide well with variability in the observed situation as well.

“Secondly, models can be compared against simulations of past climates when distribution of key variables 
was substantially different than at present.”
An example would be about 9000 years ago, where the Earth’s orbit in relation to the sun was slightly 
different.  The axis of rotation was basically tilted 24o rather than the current 23.5o.  Enough, however, to 
obviously affect the distribution of solar energy to the surface of the planet.  Now meteorological data is 
obviously weaker for those type of timescales but there is data that (ice core data, vegetation fossilization 
patterns, etc).

“Thirdly, a model can be validated by usage in predicting the effect of large perturbations on the climate.”  
i.e. El Nino, large volcanic eruptions... (like mount Pinatubo 1991 / second largest eruption in 20th century).

IN GENERAL MODELS HAVE BEEN PRETTY GOOD IF NOT 
OVERLY CONSERVATIVE. UNFORTUNATELY, THIS MEANS 
BEING ALMOST ALWAYS OVERLY OPTIMISTIC.

For example, “Albedo” and “Methane.”

tween euxinic and ferruginous conditions would
have favored the early evolution and ecological
expansion of a variety of anoxygenic photosyn-
thetic metabolisms in pelagic environments. Ex-
pressions of biological oxygen production (such
as those seen in the upper Mount McRae and
Brockman BIF) would then have varied with the
extent to which episodic or sustained pulses of
reductants from the Earth’s interior would have
buffered photosynthetic oxygen, contributing to
the protracted nature of Earth surface oxygenation
during the Archean and Proterozoic (26).
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Improved Attribution of Climate
Forcing to Emissions
Drew T. Shindell,* Greg Faluvegi, Dorothy M. Koch, Gavin A. Schmidt,
Nadine Unger, Susanne E. Bauer
Evaluating multicomponent climate change mitigation strategies requires knowledge of the diverse
direct and indirect effects of emissions. Methane, ozone, and aerosols are linked through
atmospheric chemistry so that emissions of a single pollutant can affect several species. We
calculated atmospheric composition changes, historical radiative forcing, and forcing per unit of
emission due to aerosol and tropospheric ozone precursor emissions in a coupled composition-
climate model. We found that gas-aerosol interactions substantially alter the relative importance of
the various emissions. In particular, methane emissions have a larger impact than that used in
current carbon-trading schemes or in the Kyoto Protocol. Thus, assessments of multigas mitigation
policies, as well as any separate efforts to mitigate warming from short-lived pollutants, should
include gas-aerosol interactions.

Multicomponent climate change mitiga-
tion strategies are likely to be much
more cost effective than carbon di-

oxide (CO2)–only strategies (1, 2) but require
quantification of the relative impact of different
emissions that affect climate. Because globally
and annually averaged radiative forcing (RF) is
generally a good predictor of global mean
surface temperature change, a scale related to
RF is a logical choice for comparing emissions.
The most widely used, and that adopted in the
Kyoto Protocol, is the global warming potential
(GWP), defined as the integrated global mean
RF out to a chosen time of an emission pulse of

1 kg of a compound relative to that for 1 kg of
CO2. GWPs are thus based on radiative impact
and atmospheric residence time and can include
both the direct radiative effect of emitted species
and radiative effects from indirect chemical
responses. Previous studies, including the Inter-
governmental Panel on Climate Change (IPCC)
Fourth Assessment Report (AR4), provide esti-
mates of RF and GWPs of short-lived gas emis-
sions (3–5). However, except for the indirect
effect of NOx emissions on nitrate aerosol, gas-
aerosol interactions were not included. These
interactions occur primarily through ozone pre-
cursors altering the availability of oxidants,
influencing aerosol formation rates, and through
sulfate-nitrate competition for ammonium.

We used the composition-climate model
Goddard Institute for Space Studies (GISS)Mod-
el for Physical Understanding of Composition-

Climate Interactions and Impacts (G-PUCCINI)
(6) to calculate the response to removal of all
anthropogenic methane, carbon monoxide (CO)
plus volatile organic compounds (VOCs), NOx,
SO2, and ammonia emissions. This model couples
gas-phase, sulfate (7), and nitrate (8) aerosol
chemistry within the GISS ModelE general
circulation model (GCM). Anthropogenic emis-
sions are from a 2000 inventory (9). We calculated
both the “abundance-based” RF owing to the net
atmospheric composition response by species
when all emissions are changed simultaneously
and the “emissions-based” forcing attributable to
the responses of all species to emissions of a single
pollutant (Fig. 1). The sum of the forcings that take
place via response of a particular species in the
emissions-based analysis (each represented by a
different color in Fig. 1) is approximately equal to
the forcing due to that species in the abundance-
based analysis. Likewise, the sums of all emissions-
based and all abundance-based forcings are similar.
Hence, the two viewpoints provide different but
compatible pictures of how emissions and com-
position changes influence RF.

Emissions of NOx, CO, and methane have
substantial impacts on aerosols by altering the
abundance of oxidants, especially hydroxyl, which
convert SO2 into sulfate. Global burdens of hy-
droxyl and sulfate change by 18% and 13% for
increased NOx, by –13% and –9% for CO, and by
–26% and –11% for methane (sulfate forcing
closely follows the sulfate burden change). Cou-
pling in the other direction is very weak because
reactions of gas-phase species upon aerosol sur-
faces have only a small effect on the global burden
of the radiatively active species ozone andmethane
(e.g., anthropogenic SO2 emissions enhance the
removal of NOx through reactions on particulate
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Radiative forcing of natural forest disturbances
THOMAS L . O ’HALLORAN* , BEVERLY E . LAW* , M ICHAEL L . GOULDEN † , ZHUOSEN
WANG ‡ , J ORDAN G . BARR § , CRYSTAL SCHAAF ‡ , MATHEW BROWN ¶ , J O S É D .
FUENTES * * , MATH IAS G ÖCKEDE * , ANDREW BLACK ¶ and VIC ENGEL§

*Department of Forest Ecosystems and Society, Oregon State University, Corvallis, OR 97331, USA, †Department of Earth
System Science, University of California, Irvine, CA 92697, USA, ‡Center for Remote Sensing, Boston University, Boston, MA
02215, USA, §South Florida Natural Resource Center, Everglades National Park, Homestead, FL 33030, USA, ¶Faculty of Land
and Food Systems, University of British Columbia, Vancouver, BC V6T 1Z4, Canada, **Department of Meteorology, Penn State
University, University Park, PA 16802, USA

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.

Keywords: albedo, beetles, carbon, disturbance, fire, forests, hurricane, radiative forcing
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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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SOMETIMES, THE NATURE OF THE QUESTION IS STILL TOO 
COMPLEX TO PREDICT. 

(Thermohaline circulation).
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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.
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SOMETIMES, THE NATURE OF THE PREDICTION IS STILL TOO 
COMPLEX. 

(Biodiversity Issues - Grinnellian, Infectious Diseases, Coral).

CO2 parts per million.  Calculated “status quo” (good for the 
future) amount. Assumes CO2 remains primary GHG driver of 
climate change.

Target Atmospheric CO2: Where Should Humanity Aim? James Hansen et al (2009)
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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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Our ecological footprint is pretty horrendous.

Our ecological footprint is pretty horrendous. Hint: it’s not us...
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