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CO2 & CLIMATE CHANGE, Lecture 1-1,  

!
Shuhei Ono

Agenda of the day


• Observation since 1970


• Earth Energy Budget. Why is CO2 a powerful green house gas?


• Global Carbon Cycles. Where all the CO2 goes, and how.
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Mauna Loa (19oN)

Baring Head, NZ (41oS)

Alert, Canada

Cape Grim

Mauna Loa 

Emission

 

Panel (a) shows CO2 mole fractions (monthly averages) measured by continuous analyser over the period 1970 to 2004 for Mauna Loa (19oN 
red)  and Baring Head (41oS blue) . Due to the larger amount of terrestrial biosphere in the Northern hemisphere, seasonal cycles in CO2 are 
larger there than in the Southern hemisphere. In the lower right of the panel, atmospheric oxygen measurements (permeg) are shown from 

Alert, Canada (pink) and Cape Grim (41oS cyan) . 
Panel (b) shows the annual global CO –1

2 emissions from fossil-fuel burning and cement manufactur
 

e Gt C yr (black) through to 2002. Data from 
the CDIAC website . Preliminary emissions data for 2003 and 2004 of 7.0 and 7.2 Gt C yr–1 respectively are added derived from BP Statistical 

Review of World Energy 2005 website  Annual averages of 13C/12C (permil) measured in atmospheric CO2 at Mauna Loa from 1981 to 2002 (red) 
are also shown.

CAUSES OF 
SEASONAL & 

INTERANNUAL 
VARIATIONS IN 

THE  CO2 CYCLE?   
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Assessment, WG1, 2007
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{Note :δR =10x ( R(sample) 1)
R(standard)

−

x = 2(percent);3(permil);6(permeg)}

© IPCC. All rights reserved. This content is excluded from our Creative Commons

license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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Ref: IPCC 4th Assessment, Summary for Policymakers, Feb. 2, 2007

ATMOSPHERIC COMPOSITION & RADIATIVE FORCING: 
TRENDS OVER THE LAST 20,000 YEARS 

The concentrations and radiative 
forcing by (a) carbon dioxide 
(CO2), (b) methane (CH4), (c) 
nitrous oxide (N2O) and (d) the 
rate of change in their combined 
radiative forcing over the last 
20,000 years reconstructed from 
Antarctic and Greenland ice and 
firn data (symbols) and direct 
atmospheric measurements 
(panels a,b,c, red lines). The grey 
bars show the reconstructed 
ranges of natural variability for 
the past 650,000 years. The rate 
of change in radiative forcing 
(panel d, black line) has been 
computed from spline fits to the 
concentration data. The negative 
rate of change in forcing around 
1600 shown in the higher-
resolution inset in panel d results 
from a CO2 decrease of about 10 
ppm in the ice core record.
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Climate Change 2007: The Physical Science Basis. Working Group I Contribution to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change, Figure 8 Cambridge University Press.



Project 1 
How do we monitor CO2?
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CO2 & Climate Change 
Part 2: CO2 at the Green Building Roof

Air Intake

MIT Green Building (~95 m)

During the second part of the CO2 session, 
we’ll examine the main control of CO2 in 
the urban environment using CO2 data 
from air taken from the roof of the Green 
Building. e.g., diurnal cycles (amplitude, 
phase), pollution plume events. We will test 
a simple box model.

CO2 mixing ratio data for July 4-9th
© source unknown. All rights reserved. This content is excluded

from our Creative Commons license. For more information,

see http://ocw.mit.edu/help/faq-fair-use/.
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Infrared Spectrum of CO2

ω3: asymmetric stretch 
2349.5 cm-1 (4.26 μm)

High resolution spectrum 
showing individual rotation lines

© source unknown. All rights reserved. This content is excluded from our Creative

Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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Instrument to measure IR absorption

2. Dispersive Infrared Analyzer

Michelson  Interferometer used for FTIR

1. Non-Dispersive Infrared Analyzer (NDIR)

Diffraction Grating Spectrometer

3. Fourier Transform Infrared Spectroscopy

Diffraction Grating
Dispersive Prism

© source unknown. All rights reserved. This content is excluded from our Creative

Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.

© Kkmurray. Some rights reserved. License: CC BY-SA. This content is

excluded from our Creative Commons license. For more information,
 see http://ocw.mit.edu/help/faq-fair-use/.

© source unknown. All rights reserved. This content is excluded from our Creative
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Explore different ways to measure CO2

FTIR (Thermo is5)

Aerodyne Research 
Tunable Infrared Laser Direct Absorption Spectroscopy

K033 from CO2meter.com

Gas Chromatography 
Shimadzu GC-2014

Teledyne 360E
© source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.

© source unknown. All rights reserved. This content is

excluded from our Creative Commons license. For more

information, see http://ocw.mit.edu/help/faq-fair-use/.

© CO2 Meter. All rights reserved. This content is

excluded from our Creative Commons license. For more

information, see http://ocw.mit.edu/help/faq-fair-use/.
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NDIR CO2 meter; we will use this to set up 2nd 
observatory

Portable CO2 meter/data 
logger in a bird house
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Aerodyne Tunable QC Laser 
Spectroscopy 
!
Path Length, 76 m 
Cell Volume, 500 mL 
Precision  ±  0.05 ppm 
Quantum Cascade Laser at 4.2 
μm (4.6 μm for N2O) 
Pressure at <30 mbar

 15 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Figure 2. 
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Teledyne CO2 Carbon Dioxide Analyzer (NDIR)

Model 360E Instruction Manual Optional Hardware and Software 

05232 Rev B3 47 

The O2 concentration range is 0-100% (user selectable) with 0.1% precision and accuracy and is available to be 
output via the instrument’s analog output channel A3 (See Section 6.13.4). 

The temperature of the O2 sensor is maintained at a constant 50° C by means of a PID loop and can be viewed 
on the front panel as test function O2 TEMP.   

The O2 sensor assembly itself does not have any serviceable parts and is enclosed in an insulated canister. 

5.6.1.3. Pneumatic Operation of the O2 Sensor 

x Pneumatically, the O2 sensor is connected to the bypass manifold and draws a flow of about 120 
cm³/min in addition to the normal sample flow rate and is separately controlled with its own critical flow 
orifice.  Figure 5-8 shows the internal pneumatics of the M360E with the O2 Sensor installed.     

 

Figure 5-3:     M360E – Internal Pneumatics with O2 Sensor Option 65 

From Teledyne 360E Instruction Manual
© Teledyne Technologies Incorporated. All rights reserved. This content is excluded from our
Creative Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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Figure 1: Dimensions and parameters for the box model
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Once we know C

n, one can integrate with time to solve C

n+1.

2 Concentration and Mixing Ratios

It is important, however, to realize that the air becomes thiner at high altitude. I tis
convenient to use mixing ratios rather than volume concentrations to express mass-balance
equation since mixing ratio is conservative within boundary layer whereas volume con-
centration of CO2 change with altitude. From balance of force (Seinfeld and Pandis, p
9),

(p(z)� p(z +�z))�A = ⇢g�A�z (5)

where p is the pressure at altitude z and z +�z, ⇢, g, are density of air (e.g., kg/m3)
and acceleration due to gravity (m/s�2), pressure is in Pascal. The molar concentration of
air at altitude between z and z +�z is:

Cair =
p(z)� p(z +�z)

Mairg�z

(6)

2

Box Model for Flux Chamber Experiments and Green Building data

Q: source (mol/hour) 
Δx Δy h: volume of a box (m3) 
u: wind velocity (m/hour) 

See Seinfeld and Pandis, Chapter 25 
BLmodel2.m 

© source unknown. All rights reserved. This content is excluded from our Creative

Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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CO2 source

Boston Generating Station

Car: 9 kg CO2/gallon, I drive 14 miles per 
day making 2.5 kg CO2/day @ 50mpg

People: 2k food cal diet per day 
Free Energy Gain from Glucose = 
2870 kJ/mol glucose (makes 6 
CO2), I get 770 g CO2 per day 
how many people are in the box?

© Google. All rights reserved. This content is excluded from

our Creative Commons license. For more information,
see http://ocw.mit.edu/help/faq-fair-use/.

Photograph by IFCAR; in the public domain.

© Business Wire. All rights reserved. This content is excluded

from our Creative Commons license. For more information,

see http://ocw.mit.edu/help/faq-fair-use/.

Courtesy of William Warby on flickr. License: CC BY.

Courtesy of katsrcool on flickr. License: CC BY.
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Meteorology data 1

http://www.wunderground.com
Weather Underground

http://www.wunderground.com/weatherstation/WXDailyHistory.asp?
ID=KMACAMBR9

For Green Building Roof

You can download comma delimited file for each day 
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Lab-2: Green Building CO2 data

data “co2_full_record.mat”
15



Project 2  
Why is CO2 a Powerful Green House Gas? 

FTIR (Thermo is5)

16



Fourier transform infrared spectroscopy (FTIR)

Michelson interferometer Fourier transform

Image is in the public domain.

© source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.

17

http://commons.wikimedia.org/wiki/File:FTIR_Interferometer.png
http://ocw.mit.edu/help/faq-fair-use/


1 Brief overview of Rotational-vibrational spectroscopy

The rotation-vibration energy of CO can be approximated as ”harmonic oscillator” and
rigid rotor. That is neglecting, centrifugal distortion, vibration-rotation coupling and vi-
brational anharmonicity.

(1)

where,
n is the vibrational quantum number, can be 0, 1, 2, ...
J is the rotational quantum number, can be 0, 1, 2, ....
!v is the fundamental vibration frequency.

Be is the rotation constant:

Be =
h2

8⇡2cµR2
e

(2)

µ is the reduced mass, for 12C16O it will be 12x16/(12+16).
Re is the equilibrium bond length
c is the speed of light

For diatomic molecule like CO, selection rule tells that transitions for n = 0 to n = 1,
rotational level of �J = ±1 is infrared active. For transition, J 00  J 0, where lower energy
state is J 0, The absorption band occur at the wavenumber at

! ⇡ !v +Be(J
0(J 0 + 1)� J 00(J 00 + 1)) (3)

then,

!P (J
00) ⇡ !v � 2BeJ

00 (4)

!R(J
00) ⇡ !v + 2Be(J

00 + 1) (5)

1

1

Schauble72

Translation Rotation Vibration

3/2 kT

Figure 2. Relative sizes of translational (left), rotational (center), and vibrational (right) energy quanta for 
a typical diatomic molecule (ClO). The quantum energies of allowed states of motion are calculated using 
constants tabulated by Burkholder (1987). Presented at the same scale (lower right), rotational quanta are 
so small that low-lying rotational states are as closely spaced as the thickness of a line. Likewise, the lowest 
energy translational quanta (assuming a confi ning volume of 10–24 liters) are too small to see on the same 
scale as rotational energy levels (lower center). The classical thermal energy (3/2 kT) of a particle at 298 
K is shown as a gray bar at the same scale as the vibrational energy levels. Because the spacing between 
rotational and translational energy levels is so much smaller than the ambient thermal energy, it is usually 
not necessary to include a full quantum-mechanical treatment of these types of motion when calculating 
equilibrium stable isotope fractionation factors. Rotational and translational quanta become even smaller 
for larger, more massive molecules.

Figure 1. Translation, rotation, and vibration of a diatomic molecule. Every molecule has three translational 
degrees of freedom corresponding to motion of the center of mass of the molecule in the three Cartesian 
directions (left side). Diatomic and linear molecules also have two rotational degrees of freedom, about 
rotational axes perpendicular to the bond (center). Non-linear molecules have three rotational degrees of 
freedom. Vibrations involve no net momentum or angular momentum, instead corresponding to distortions 
of the internal structure of the molecule (right side). Diatomic molecules have one vibration, polyatomic 
linear molecules have 3N-5 vibrations, and nonlinear molecules have 3N-6 vibrations. Equilibrium stable 
isotope fractionations are driven mainly by the effects of isotopic substitution on vibrational frequencies.
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“Extremely brief” overview of rotational-vibrational spectroscopy

Neglecting centrifugal distortion, vibration-rotation coupling and anharmonicity 
(i.e., no change in bond length), the rotation-vibration energy of diatomic 
molecules (e.g., CO) is: 
!

E ⇡ !v(n+ 1/2) +BeJ(J + 1) (1)

n is
J is
!v i

the vibrational quantum number, can be 0, 1, 2, ...
the rotational quantum number, can be 0, 1, 2, ....
s the fundamental vibration frequency.

Be is the rotation constant:
h2

Be =
8⇡2cµR2

e

µ is
Re is t
c is the

the reduced mass, for 12C16O it will be 12x16/(12+16).
he equilibrium bond length
speed of light



1 Brief overview of Rotational-vibrational spectroscopy

The rotation-vibration energy of CO can be approximated as ”harmonic oscillator” and
rigid rotor. That is neglecting, centrifugal distortion, vibration-rotation coupling and vi-
brational anharmonicity.

E ⇡ !v(n+ 1/2) +BeJ(J + 1) (1)

where,
n is the vibrational quantum number, can be 0, 1, 2, ...
J is the rotational quantum number, can be 0, 1, 2, ....
!v is the fundamental vibration frequency.

Be is the rotation constant:

Be =
h2

2)(

For diatomic molecule like CO, selection rule tells that transitions for n = 0 to n = 1,
rotational level of �J = ±1 is infrared active. For transition, J 00  J 0, where lower energy
state is J 0, The absorption band occur at the wavenumber at

! ⇡ !v +Be(J
0(J 0 + 1)� J 00(J 00 + 1)) (3)

then,

!P (J
00) ⇡ !v � 2BeJ

00 (4)

!R(J
00) ⇡ !v + 2Be(J

00 + 1) (5)

http://chemwiki.ucdavis.edu/Physical_Chemistry/
Spectroscopy/Rotational_Spectroscopy/
Rovibrational_Spectroscopy

Courtesy of the UC Davis ChemWiki. License: CC BY-NC-SA.
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Basic of Infrared spectrum (diatomic molecule)

8

6←7
↓
←7

↓

P branch R-branch

1←2

0
↑ ↑
←1 1←0

* Each molecule (and each vibrational mode) has characteristic absorption pattern because the center of the 
band corresponds to vibrational frequency, which depends upon force constant (strong bond) has high 
frequency and reduced mass (proportional to sqrt(k/μ)) and spacing between lines goes with rotation 
constant (bond length and reduced mass). 
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Molecular vibration

Three Fundamental 
Vibrational Frequency of CO2 Infrared-inactive

ω1: symmetric stretch 
1345.4 cm-1 (7.43 μm)

ω3: asymmetric stretch ω
m) 2-1 : bending 

2349.5 cm  (4.26 μ 661.7 cm-1 (15.1 μm)
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Infrared spectra for H2O, CO2, CH4 and CO 

H2O ! H2O!
bend stretch

http://vplapps.astro.washington.edu/
22

http://vplapps.astro.washington.edu/


23

CO2 cross section from FTIR



Exercise last week
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Pressure and Temperature Effects of Absorption Line width

σ: doppler line width 
!
!
!
!
γ: Lorentzian line width 

Doppler Broadening
Doppler frequency shift from distribution of molecular velocities causes absorp-
tion line broadening. Doppler wavenumber shift is ⌫

0
= ⌫(1� v/c).

Maxwell-Boltzmann distribution of velocities along x is

p(vx) =

1p
⇡v0

e

�v2
x

/v2
0

where v0 =

q
2kBT/m andm is mass of molecule.

Results in Gaussian line shape for Doppler broadening

fD(⌫ � ⌫0) =

1

↵D
p

⇡

exp

2

4�(⌫ � ⌫0)
2

↵

2
D

3

5
↵D = ⌫0

vuut2kBT

mc

2

Halfwidth at half max is ↵D

p
ln 2.

Note: Doppler width does not depend on molecular properties other than mass.
Width is proportional to wavenumber, so importance depends on frequency.

a) A comparison of Doppler and Lorentz line shapes. b) Relationship between atmospheric height
and linewidth for a microwave line of O2 and an infrared line of CO2. [Stephens, Fig. 3.14]

4

Pressure Broadening
Lorentz line shape:

f(⌫ � ⌫0) =

↵/⇡

(⌫ � ⌫0)2
+ ↵

2

↵ is Lorentz half-width at half max.
Halfwidth is from mean time between collisions (↵ = 1/2⇡tc).
Halfwidth is proportional to number of collisions per time

↵ ⇠ p

T

(kT/m)

1/2 ⇠ p

T

1/2

Pressure broadened absorption line halfwidth

↵ = ↵0

 
p

p0

! 
T0

T

!n

↵0 is the line width at a reference temperature T0 and pressure p0 (n determined
empirically). Line halfwidth is proportional to pressure.

Lorentz line shape profiles for three pressures. A line width of 0.05 cm�1 at a pressure of 1 bar is
typical for vibration-rotation bands. [Goody & Yung, Fig. 3.18]

3

Voigt Profile

Pressure Broadening
Lorentz line shape:

f(⌫ � ⌫0) =

↵/⇡

(⌫ � ⌫0)2
+ ↵

2

↵ is Lorentz half-width at half max.
Halfwidth is from mean time between collisions (↵ = 1/2⇡tc).
Halfwidth is proportional to number of collisions per time

↵ ⇠ p

T

(kT/m)

1/2 ⇠ p

↵0 is the line width at a refe T0 d pressure p0 (n determined
empirically). Line halfwidth is proportional to pressure.

Lorentz line shape profiles for three pressures. A line width of 0.05 cm�1 at a pressure of 1 bar is
typical for vibration-rotation bands. [Goody & Yung, Fig. 3.18]

3

© source unknown. All rights reserved. This content is excluded from our Creative

Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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Ro-vibrational transition of 15 μm CO2 bending band

Low spectral resolution (0.4 cm-1) high P (760 torr) 
High spectral resolution (0.004 cm-1), high P (760 torr) 
High spectral resolution (0.004 cm-1), low P (76 torr)
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Instrument resolution, and pressure broadening

Low spectral resolution (0.4 cm-1) high P (760 torr) 
High spectral resolution (0.004 cm-1), high P (760 torr) 
High spectral resolution (0.004 cm-1), low P (76 torr)
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Low spectral resolution (0.4 cm-1) high P (760 torr) 
High spectral resolution (0.004 cm-1), high P (760 torr) 
High spectral resolution (0.004 cm-1), low P (76 torr)

Quick overview of the HITRAN database
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Incoming Solar Radiation and Absorption by the 
Atmospheric Constituents

Solar irradiance spectrum above atmosphere and at surface

© Robert A. Rohde. Some rights reserved. License: CC BY-SA. This content is excluded from our
Creative Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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Incoming Solar 
Radiation

Radiation from Earth 
Surface

bending

asyn. stretch

© source unknown. All rights reserved. This content is excluded from our Creative

Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/. 30
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thermal IR, the lifetimes tend to range from a few milli -
seconds to a few tenths of a second. In contrast, the typical
time between collisions for, say, a nitrogen-dominated atmos-
phere at a pressure of 104 Pa and temperature of 250 K is well
under 10−7 s. Therefore, the energy of the photon will almost
always be assimilated by collisions into the general energy
pool of the matter and establish a new Maxwell–Boltzmann
distribution at a slightly higher temperature. That is how
 radiation heats matter in the LTE limit.

According to the equipartition principle, molecular col-
lisions maintain an equilibrium distribution of molecules in
higher vibrational and rotational states. Many molecules oc-
cupy those higher-energy states, so even though the lifetime
of the excited states is long, over a moderately small stretch
of time a large number of molecules will decay by emitting
photons. If that radiation escapes without being reabsorbed,
the higher-energy states are depopulated and the system is
thrown out of thermodynamic equilibrium. Molecular colli-
sions repopulate the states and establish a new thermo -
dynamic equilibrium at a slightly cooler temperature. That 
is how thermal emission of radiation cools matter in the 
LTE limit.

Now consider a column of atmosphere sliced into thin
horizontal slabs, each of which has matter in LTE. Thermal

IR does not significantly scatter off atmospheric molecules or
the strongly absorbing materials such as those that make up
Earth’s water and ice clouds. In the absence of scattering, each
direction is decoupled from the others, and the linearity of
the electromagnetic interactions means that each frequency
can also be considered in isolation. If a radiation flux distri-
bution Iν in a given propagation direction θ impinges on a
slab from below, a fraction aν will be absorbed, with aν ≪ 1 by
assumption. The slab may be too thin to emit like a black-
body. Without loss of generality, though, one can write the
emission in the form eνB(ν,T ); here eν ≪ 1 is the emissivity of
the slab (see figure 1). Both aν and eν are proportional to the
number of absorber–emitter molecules in the slab.

The most fundamental relation underpinning radiative
transfer in the LTE limit is Kirchhoff’s law, which states that
aν = eν. Gustav Kirchhoff first formulated the law as an em -
pirical description of his pioneering experiments on the in-
teraction of radiation with matter, which led directly to the
concept of blackbody radiation. It can be derived as a conse-
quence of the second law of thermodynamics by requiring,
as Kirchhoff did, that radiative transfer act to relax matter in
a closed system toward an isothermal state. If Kirchhoff’s law
were violated, isolated isothermal matter could sponta-
neously generate temperature inhomogeneities through
 interaction with the internal radiation field.

Given Kirchhoff’s law, the change in the flux distribution
across a slab is ∆Iν = eν[−Iν + B(ν,T)], assuming eν ≪ 1. The
 radiation decays exponentially with rate eν, but it is resup-
plied by a source eνB. The stable equilibrium solution to 
the flux-change iteration is Iν = B(ν,T), which implies that
within a sufficiently extensive isothermal region the solution
is the Planck function appropriate to a blackbody. The recov-
ery of blackbody radiation in that limit is one of the chief im-
plications of Kirchhoff’s law, and it applies separately for
each frequency. 

In the limit of infinitesimal slabs, the iteration reduces to
a linear first-order ordinary differential equation for Iν. Or, as
illustrated in figure 1, one can sum the contributions from each
layer, suitably attenuated by absorption in the intervening lay-
ers. The resulting radiative transfer equations entered 20th-
century science through the work of Karl Schwarzschild (of
black hole fame) and Edward Milne, who were interested in
astrophysical applications; Siméon Poisson published a nearly
identical formulation of radiative transfer3 in 1835, but his
equations languished for nearly 100 years without application.

Spectroscopy of greenhouse gases
Because of its numerous uses throughout science and tech-
nology, gaseous spectroscopy is a highly developed subject.
The application of gaseous spectroscopy to atmospheric con-
stituents began with John Tyndall, who discovered in 1863
that most of the IR opacity of Earth’s atmosphere was attrib-
utable to two minor constituents—CO2 and water vapor. All
spectral absorption lines acquire a finite width by virtue of a
number of processes that allow a molecule to absorb a photon
even if the energy is slightly detuned from that of an exact
transition. For reasonably dense atmospheres, the most im-
portant of those processes is collisional broadening, which
borrows some kinetic energy from recent collisions to make
up the difference between the absorbed photon’s energy and
a transition. 

Databases of spectral-line properties lie at the founda-
tions of all calculations of IR radiative transfer in gases. The
HITRAN database,4 culled from thousands of meticulously
cross- validated, published spectroscopic studies, provides
line properties for 39 molecules; it has been extensively used
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Figure 1. Three isothermal layers model the atmosphere
in this illustration of upward-moving electromagnetic radia-
tion with frequency ν. The radiation, assumed not to scatter,
propagates at an angle θ with respect to the vertical and
emerges from layer 3, the topmost atmospheric slice. The
ground below the atmosphere emits as an ideal blackbody,
characterized by the Planck function B. Each layer, at its
own temperature T, emits with its own emissivity eν and, by
Kirchhoff’s law, absorbs a proportion aν = eν of the incident
radiation. The radiation flux distribution incident on layer 3
is Iν. It is the sum of the thermal emission from the ground,
layer 1, and layer 2, attenuated by absorption in the inter-
vening layers 1 and 2. Squiggly arrows indicate thermal
emission; straight arrows indicate transmitted radiation.
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Why isn’t atmosphere 
totally black at 15 um?
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Compact/inexpensive NDIR detector 

Cost: $ 60-200 
Light source: Incandescent Lamp 
Detector: Thermopile 
4.25μm±0.1μm (HW) IR filter 
15 cm pathlength (gold coated cell) 
hydrophobic filter to avoid liquid H2O 
!
Repeatability ±20 ppm 
Accuracy ±30 ppm

http://www.co2meter.com/collections/co2-sensorsPortable CO2 meter/data 
logger in a bird house

© CO2 Meter. All rights reserved. This content is excluded

from our Creative Commons license. For more information,

see http://ocw.mit.edu/help/faq-fair-use/.
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Figure 7.3. The global carbon cycle for the 1990s, showing the main annual fluxes in GtC yr–1: pre-industrial ‘natural’ fluxes in black and ‘anthropogenic’ fluxes in red 
(modified from Sarmiento and Gruber, 2006, with changes in pool sizes from Sabine et al., 2004a). The net terrestrial loss of –39 GtC is inferred from cumulative 
fossil fuel emissions minus atmospheric increase minus ocean storage. The loss of –140 GtC from the ‘vegetation, soil and detritus’ compartment represents the 
cumulative emissions from land use change (Houghton, 2003), and requires a terrestrial biosphere sink of 101 GtC (in Sabine et al., given only as ranges of –140 to –
80 GtC and 61 to 141 GtC, respectively; other uncertainties given in their Table 1). Net anthropogenic exchanges with the atmosphere are from Column 5 ‘AR4’ in 
Table 7.1. Gross fluxes generally have uncertainties of more than ±20% but fractional amounts have been retained to achieve overall balance when including 

The Global Carbon Cycle for the 1990s

estimates in fractions of GtC yr–1 for riverine transport, weathering, deep ocean burial, etc. ‘GPP’ is annual gross (terrestrial) primary production. Atmospheric carbon 
content and all cumulative fluxes since 1750 are as of end 1994.

© American Institute of Physics. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.

Source: Sarmiento, Jorge L., and Nicolas Gruber. "Sinks for Anthropogenetic Carbon." 2002.
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Carbon Cycle, CO2, and Climate

Fate of CO2!
in different time scales

Sarmiento&Gruber(2006)
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This image has been removed due to copyright restrictions.

Please see Figure 10.2.3. Time series figures of carbon dioxide from book: Sarmiento,

J. L., and N. Gruber. Ocean Biogeochemical Cycles. Princeton University, 2006.



Earth Simulator 2

37



MIT OpenCourseWare
http://ocw.mit.edu

12.335 / 12.835 Experimental Atmospheric Chemistry
Fall  2014

For information about citing these materials or our Terms of Use, visit: http://ocw.mit.edu/terms.

http://ocw.mit.edu
http://ocw.mit.edu/terms



