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The (Chmates Syste

Cryosphere
Now COVer
Ice cover

Atmosphere
Temperature
Humidity, clouds, and winds
Precipitation
Atmospheric trace gas
and aerosol distribution

Volcanoes

Oceans
Temperature
Currents
Salinity
Marine biota

The climate systentonsists
of the atmosphere,
cryosphere, land, and
oceans, each of which can be
characterized by a set of
state variables. Climate
change is said to occur when
aforcing generates an
intercomponent flux of
energy, mass, or momentum
that inflicts prolonged
changes to one or more state
variables. The forcing may
originate from within the
climate system itself or from
a source such as solar,
volcanic, or human activity.
(Adapted from ref. .)
Citation: Phys. Todag9, 11,
40 (2016)
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Stratopause
Stratosphere

Tropopause
Troposphere

Boundary layer




Trace Gases

Methane
Helium 0.442% Mitrous Oxide

Oxygen Argon Tra ce 1.299% 0.078%
0.9% I|'_ 0.1%
21.':'“!{1 I‘h‘ﬂn {:}Eu he

l 4.675% 0.010%

Atmospheric Composition

Mtrogen Carbon
78.0% Dioxide
93.497%



Doesithe:atmosphere-get cooler
at higher-altituaes?
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Earth’s atmosphere temperature (°F)
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How to measure global land and
sea surface temperatures

The atmosphere: troposphere and stratosphere
A Satellite imagingmicrowave and infrared
A Radiosondes (balloon lofted instrumentation)

L and surfaces
A Weather stations
A Satellite infrared imaging

Sea surfaces

A Buoy arrays

A Ships

A Satellite infrared imaging
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https://ghrc.nsstc.nasa.gov/amsutemps/amsutemps.pl?r=009

On line atmospheric temperature data


https://ghrc.nsstc.nasa.gov/amsutemps/amsutemps.pl?r=009
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A tale of two greenhouses




Why?

Glass
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Infrared
(heat)




Why? H20, CO2,
methane, N20,
CFCs
Sunlight

greenhouse gases




Why?

Sunlight

greenhou

Infrared
(heat)










t £ | Yldckbady radiation law
(all hot things glow)




Stefan - Boltzmann Law

Energy emitted by a black body is greatly
dependent on its temperature:

[=(1-a) o T?

Where:

I = Black body energy radiation

o = (Constant) 5.67x10-® Watts/m2/K#*
T =temperature in Kelvin

o. = albedo (“reflectivity”) | '3|| — — - - - .
Example: Sun surface is 5800K, so [ =6.4 x 10”7 W/m? o 3 r'i -j.la: = o e U
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ENERGM ENERGOU
Radiation
balance?

Earthlike planet




ENERGM ENERGOU

Radiation
re-balanced

Warmer




Energy balance and surface temperature in a simple atmosphe

0) ©
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Sun Sun } Sun
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T=255 K T=255 K T=303 K
( Ziici  Schematic of energy fluxes on a planet (a) with no atmosphere, (b) the instant after a one-layer atmosphere is

added to the planet, and (c) after the climate reaches its new equilibrium.
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Emitted from

Reflected from atmosphere and clouds

atmosphere and clouds Emitted direct!
77 W/m? W to space

Incoming 40 W/m?
sunlight Absorbed by

342 W/m? Absorbed by atmosphere and clouds
atmosphere and clouds 350 W/m?

67 W/m?
Reflected from Atmosphere and clouds

Earth's surface

30 W/m?2 '

Transferred from Earth's
surface by evaporation Emitted from
and convection Emitted from Earth's surface
102 W/m? atmosphere and clouds 390 W/m?

324 W/m?

Absorbed by
Earth's surface
168 W/m?







Greenhouse Gases

93

Methane
Carbon Dioxide




Carbon Dioxide in the Atmosphere

How Is It measured?

Concentrations over time

Sources and sinks

Postindustrial concentrations

| dZNNBYy i WYWodzRISG Q

Effects on climate: ice caps, oceans, global
surface temperatures



Advanced infrared sounders

Carbon Dioxide in the Mid-Troposphere, July 2009

Data acquired by AIRS, the Atmospheric Infrared Scunder on NASA's Aqua Satellite

382 383 384 385 386 387 188 389

Norttly sverage atnosshenic caton diecode concesiralon for July 2000 = 387 ppe. Nessurmrrent recorded af Mauns Los Observatory ( Scrppm / NORA / ESRL )
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surface
ocean (1,000)

microbial respiration o respiration &
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soil carbon (2,300)

ocean sediments

deep
ocean (37,000)

fossil carbon (10,000)
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Oceanic Processes of Carbon Flow




Terrestrial Processes of Carbon Flow

run-off
0.6 Gt C/yr




Atmospheric CO,
750 (@360 ppm)

(+ 3.2 per year)

Global
Carbon 90
Cycle

l 1.7 Net flux

Vegetation 610
Soils 1580 Ocean 39000

Stock = Billion metric tons

Flow = Billion metric tons per year



So what Is the trend in CO2 levels in our atmosphere?
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Changesn Greenhouse
Gases Record Iin Ice Cores

Carbon dioxide
400
. 3%0
=
o
=
b3
S 300
g
-
o’
250
10,000 7500 $000 2500 0
YEARS BEFORE 2014 (2014)

Credit: Mann &ump Dire Predictions: Understanding
Climate Change,"2Edition
© 2015 Pearson Education, Inc

METHANE (PPB)

NITROUS OXIOE (PPB)
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Mauna Loa Observatory, Hawaii

Monthly Average Carbon Dioxide Concentration

Data from Scripps CO . Program  Last updated March 2017
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Where does the:CQOcome from?
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Million Metric Tons

Carbon Emissions in the Indust

rial Age
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CO, emissions (Gt COy/yr)

16+ ) ) ] ‘ ' | Projected Gt CO, in 2017
@ | All others 15.1
2 3% (+0.5% +4.0%
14 | AZ3 o | 0.5 to +4.0 )
12 -
104
8 -
6 -
4- ﬁ Pertay  00e P - ’
: EU28 3.5
21 India 2.5
A° :
!
0

1960 1970 1980 1990 2000 2010 17

¢KS 62NI RQa ¥F2dzNJ f I NESidaithe @8, shb PuyppeRiUdigniaRdS S YA G S NA
Indiar account for about 60% of global emissioAthough those countries have made

strides recently, their emissions and those glob@kpected yeato-year percent change and

error bars shown under each country) will probably tick upward in 2017. Credit: Global

Carbon Project



Where doCOemissions:go?

Atmosphere
55%

Biosphere
15-20%

3

Shallow ocean

Q 25-30%



CO, Concentration (ppm)

Latest CO, reading

Canwve ddenfify thenmajorosotirce
of the CO2nnecrease?

December 10, 2017

405.91 ppm

Carbon dioxide concentration at Mauna Loa Observatory
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Three versions (isotopes) ofrcarbon:

2

o9y

carbon-12 carbon-13 carbon-14
98.9% 1.1% <0.1%

6 protons 6 protons 6 protons
6 neutrons 7 neutrons 8 neutrons

stable stable radioactive



flux from the atmosphere to

current the terrestrial biosphere
atmospheric (called assimilation, but the fossil fuel flux—a
513C level same as photosynthesis) one-way flux

(13 C

12C

13 C) Sample

) CSamp/e — ﬁ -1;*1000

(W)Reference
flux from
the
atmosphere
into the
ocean

flux from the ocean flux from the terrestrial
back into the biosphere to the atmosphere
atmosphere
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Carbonl3sotope analysis of East Antarctica ice cores:

CO, [ppm]

Year [AD]
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Rubinoet al., http://onlinelibrary.wiley.com/doi/10.1002/jgrd.50668/full
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Carbonl4sotope analysis of Colorado air samples:

Clean Air Measurements at Niwot Ridge, Colorado
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az2zRSt SRYIAtEDY 2 i
All sources of carbon dioxide all sources of carbon dioxide
(above) and from fossil fuel
SYA&aaArzya O6AyYy ::0
The bottom figure is on a relative
scale (because it only includes
fossil fuel emissions), accounting
for the difference in values
between the two scales.
https://www.esrl.noaa.qgov/gmd/o
utreach/isotopes/cl4tellsus.html

Fossil fuel emissions alone



https://www.esrl.noaa.gov/gmd/outreach/isotopes/c14tellsus.html

CO, Concentration (ppm)
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Carbon dioxide concentration at Mauna Loa Observatory
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: Stratopause
i Stratosphere

Ozone Layer

Watts/sq. meter
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Emitted
compound

Halo-
carbons

N,0

Resulting atmospheric
drivers

Co,
CO, H,0* O, CH,
O, CFCs HCFCs

N,O

Radiative forcing by emissions and drivers

1.68 [1.33 to 2.03]

0.97 [0.74 to 1.20]

0.18 [0.01 to 0.35]

0.17 [0.13 to 0.21]

Level of
confidence

CcO CO, CH, O, 0.23 [0.16 to 0.30]
_§
5 CO, CH, O, 0.10 [0.05 to 0.15]
© 3
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Emitted Resulting atmospheric Radiative forcing by emissions and drivers Level of
compound drivers confidence

CO, 1.68 [1.33 to 2.03]

CO, H,O" O, CH, 0.97 [0.74 to 1.20]
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2

CO CO, CH, O, 0.23 [0.16 to 0.30]

CO, CH, O, 0.10 [0.05 to 0.15]

Anthropogenic

gases and aerosols

Nitrate CH, O, -0.15[-0.34 to 0.03]
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Global Manmade Greenhouse Gas Emissions by Sector,
2013

Bunker Fuels (MtCO2)
2.2%

Land-Use Changeand
Forestry (MtCO2)
6%

Waste (MtCO2e)
3%

Agriculture (MtCO2¢
11%

Industrial Processes
(MtCOZ2e)
6%



Co, emissions from fossil-fuel use and cement production in the top 5

emitting countries and the EU

1000 million tonnes C02
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Uncertainty

Source: EDGAR g.3 JRC/PBL, 2015) (1970-2012; notably IEA 2014 and NBS 2015);

EDGAR 4.3FT2014 (2013-2014): BP 2015; GGFR 2015; USGS 2015; WSA 2015

www.pbl.nl
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Total

9

Petroleum

Coal 8

Natural gas 7

Cement production

Gas Flaring 6
5
4
3
2
1
0

1800 1850 1900 1950 2000

Increase in emission of carbon from fossil fuels since 1§@ki)

Metric tons of Carbon/year (Billions)
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Total fossil fuel emissions (1751 to present) Q0

US portion 100GtC
Current rate of emissions 10 GtQyr

US current rate 1.4GtQyr trending down
China current rate 2.5Gtdyr trending up

Top 10% of emitting countries do 50% of CO2 emissions
For example:US 300 tonsfpersonyear
Nigeria 300 pounds/person/year






