Greenhouse Gases & Global Climate Change
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L. Introduction : Observations of Langley on
Atmospherical Absorption.

GREAT deal has been written on the influence of

the absorption of the atmosphere upon the climate.
Tyndail 1 in particalar has pointed out the enormous im-
portance of this question.  To him it was chiefly the diurnal
and annual variations of the temperature that were lessened by
this circumstance.  Another side of the question, that has long
attracted the attention of physicists, is this: Is the mean
temperature of the ground in any way influenced l;_y the
presence of heat-absorbing gases inthe atmosphere ?  Fourier}
maintained that the atmosphere acts like the glass of a hot-
house, because it lets through the light rays of the sun but
vetains the dark rays from the ground. This idea was
elaborated by Pouillet § ; and Langley was by some of his
researches led to the view, that * the temperature of the
earth under direct sunshine, even though our atmosphere
were present as now, would probably fall to —200° C., if
that atmosphere ({id not possess the quality of selective

* Extract from a paper presented to the Royal Swedish Academy of
Sciences, 11th December, 1895,  Communicated by the Author.

t ¢ Heat a Mode of Motion,” 2nd ed. p. 405 (Load., 1865).

I Mém. de I’ de. R. d. Sei. de U'Inst. de France, t. vii, 1827,

§ Comptes rendus, t. vil. p. 41 (1838),

Lhil, Mag. S. 5. Vol. 41. No. 251, April 1896, S

[n 1896, Arrhenius made the
connection between
atmospheric CO, and global
clirnate!



Time Scales for Exchange
Atm.-surface ocean ~ 10 yr
Atm. - deep ocean ~1000 yr

60X more CO, in ocean
than in atmosphere!

Atm./Ocean - sediments ~ 10° to 107 yr. Oceanic processes drive

glacial to interglacial
changes in atm. CO,

., HCO3 0.39
> (Rivers)

r size [Pg] ce——cc——cc-ccc——occo—ecccadodooocccoos ko=
.ong-term fluxes Ocean ; Particle ;settling DIC
short-term fluxes [38,000] Q@ Y@ 1(! (R) 90
zuphotic zone 0.13
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thermal processes; RW,

reverse weathering (the reverse of silicate weathering).




Atmosphere

Cold, Polar
Surface Ocean

Warm, Temp/Tropical
Surface Ocean
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Particle sinking
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380 | THE GLOBAL CARBON CYCLE

-L_j Table 11 2. I The eﬁecr of the solubtlu‘y and bwlogwal pumps on the ﬁlgaczty of C02 m the atm A_he
: '_”.;.'_determmed by the szmple two layer ocean model deptcted in Fzg 11 2 e

;55_:'.:1:.'_-_The ﬁrst oW 1s the standard case and the rows"under thlS 1nd1cate changes due to temp:
f?”_carbon flux, c1rcu1at10n*rate and the'?'orgamc carbon to CaCOB ratlo of the' part1c1e"’1ﬂu-"

. 0C:CaCOs:
Temp  [DIP]s T mix Rocca  DIGCs Ars
Case °C prnol kg™ y umol kg*'
Standard 20 05 000 3.5 2027
Temp. effect |5
25
Biol. pump
Carbon flux 20 2.2 2258 2371
00 959
Circulation 0.85 500 2074
0.0 1500 1959
OCCaCO;5 0.5 1000 1O: | 2059 2361
(P:OC = 106)
1.5:1 |957




SOFEX Fe Fertilization Study in Southern Ocean
North Patch
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he Greenhouse Effect
"o greenhouse avg. earth temp. ~ -25° C instead of +15 with

Some solar radiation
is reflected by the
Earth and the

Some of the infrared
radiation Easses through
h the atmosphere, and some
atmosphere. is absorbed and re-emitted

in all directions by

! greenhouse gas

, molecules. The effect of

. ¥ & this is to warm the Earth's
surface and the lower

\ atmosphere.

Solar radiation
passes through

the clear
atmosphere

Most radiation is

EARTH /\
absorbed by the Earth's

surface and warms it. Infrared radiation is
emitted from the

Earth's surface:

4 4

Source: OSTP
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FIGURE 5.17.

The adsorption of infrared radiation by gases in the atmosphere.

Trapping of IR Radiation by Trace Gases

TABLE 5.5

(AQ, W m™)

Gas Present level

Co, 345 ppm

CH, 1.7 ppm

0O, 10-100 ppb

N,0O 340 ppb

CFC-11* 0.22 ppb

CFC-12° 0.38 ppb
Total

* CCLE.

b CCL,F,.

Present AQ

20
1.7
1.3
1.3
0.06
0.12
6.5

Lifetime

10-15 y
7-10
0.5

100

75

100




(a) Global atmospheric concentrations of three well mixed
greenhouse gases
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ANNUAL FOSSIL FUEL EMISSION (GtC/yr)

TIME HISTORY OF
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0 L 1
1800 1840 1880 {920 1960

YEAR AD

2000



Anthropogenic and natural forcing of the climate for the year 2000, relative to 1750

Global mean radiative forcing (Wm-2)

Greenhouse gases
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Global Climate Drivers

>

5

- Sun’s Energy Output

3 — Aerosols from Volcanic Venting
2 [ -=== Agrosols from Urban Pollution
i Land Use Changes

0

Fordng (watts per sq. meter)
CoolingWarming

= Heat-trapping Emissions (Greenhouse Gases) -'

1880 1900 1920 1940 1960

1980 2000

Heat-trapping emissions (greenhouse gases) far
outweigh the effects of other drivers acting on

Earth’s climate.
Source: Hansen et al. 2005,



Atmospheric Carbon Dioxide Concentration
and Temperature Change

° Clear correlation
between atrmospheric
CO2 CONCENTRATION
(Antarctic Ice Core) CO, and temperature
over last 160,000 years
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Departures in temperature (°C)

Departures in temperature (°C)
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Climate Drivers Compared with
Global Surface Temperature

Temperature Anomalies
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The model output (blue shading) that
includes both natural and human-induced
drivers (lower graph) gives a better
match with the observed temperature
response (red line). source: IPcC TaR 2001.




Also:

1) Reduced arctic sea ice cover

2) Longer growing season

3) Change in time of seasonal
migrations

4) Lower stratospheric temp.




Atmospheric Carbon Dioxide Concentration
and Temperature Change
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Atmosphere-Ocean General Circulation Model projections of surface warming
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Figure 3.2. Loft panel: Sofid fnes are multtmodel global averages of surface warming (mlative to 1080 1089} for the SHES scenardos A2 A{1D and O1,
shown &5 continuations of the 207 centwy simulations. The orange ing & br the expanimeant where concantralions were hald constant af yaar 2000 values.
The hars in the middle of the figure indicale he best estimate (soid ne within each bar and the likaly range assessed & the siv SRES marker sconanas
&l 20400-2099 rpialive I 1880-1909. The assessment of the Dest estimale and likaly rangas in the bars indudes e Amasphas-Ocean Ganemal Gincwialion
Modols (AQGCMz) in the left pard of the figure, as wall as results from & hierarchy of indepandant models and obsarvafonal! constrainis,
Right panals: Fropcled surfice fempemiwe changes br the sanly and late 21 cemtury mialive fo the perod 1080- 1388, The pansls show he mulf-AOGEM
average projctions bor the A2 (fopl, ATE (midde) and B1 (botfon) SRES scenarins averaged over decades 2020-2029 (left) and 2080-2000 (mght). (WaI
104, 108, Figures 1028, 10.29 SPM]



Multi-model projected patterns of precipitation changes
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Figure 3.3, Ralative changes in precpitaion (in percant) br the pedod 2000L3000, relative fo 1320-71000, Valas are mulitmodal averages basad on the

SHES A1B scenario for Decamber to February ekl and June fo August (right). White araas are where less than 66% of the models agree in the sign of the
changs and stipplad amas are whare mora than 0% of the models agraa in the sign of the change. [WGI Fgure 10.8 SPM)



FIGURE 2 5ea Lewvel Rise In Line with Highest Projection

Sea Level Change {cm)

i ' o 4 Changes in sea level
1 Satellite C-I:-s-:_-ra..f._:utl-:-m 41 since 1973, compared
N with IPCC scenarios
a4t (dashed lines and
/_,/ gray ranges), basad
on tide gauges (red)
. 1 and satellites (blue).
~==""""1 " From Rahmstorf et al.
0 (2007) updated by
o Best Estimate Rahmstorf (personal
2 >l communication).
- Dashed linas
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FIGURE 3 Sea Level Rise by End of This Century

Mew analysis provides
estimates for sea level
rise by the end of this
century betweon a
plausible level and a
physically possible
though less likely level.
Source (IPCC 2007 and
Pfeffer et al. 2008).45
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Projections of GDP losses in Annex Il countries
in the year 2010 from global models

Canada QECD countries
Percentage of GDP loss in the year 2010 S " of Europe
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COMPARISON WITH THE RATE OF ACCUMULATION OF

GIGATONS CARBON/YEAR

CO, IN THE ATMOSPHERE

T T - T T T

ANNUAL -3
CONSUMPTION
OF FOSSIL FUEL

N
ATMOSPHERIC CO, RISE(pafm/yr)
2.1 GtC//Latm

ANNUAL INCREASE
IN ATMOSPHERIC
CO, INVENTORY -

I I L ! ! I 0
1960 1970 1S80 1990
YEAR AD

~ OVER THE TIME PERIOD DURING WHICH THE ATMOSPHERE
HAS BEEN ACCURATELY MONITORED, [TS CO, CONTENT HAS

BEEN RISING AT A RATE ONLY ABOUT 60% THE RATE EXPECTED
IF ALL THE FOSSIL FUEL CO4 RELEASED REMAINED AIRBORNE.



APROXIMATE
EARTH CARBON BUDGET
FOR THE 1980s;
THE ANTHROPOGENIC PERTURBATION

FOSSIL FUEL

BURNING DEFORESTATION
5.4 GtC/yr ~  ~10OGtC/yr

IN ATMOSPHERE

GREENING
~1.0GtC/yr i 3.3 Gt C/yr

ﬂ ' . ACCUMULATION

SOURCES

(gigatons of carbon/year)*
OCEAN UPTAKE

FOSSIL FUEL 5.4 ATMOS. 3.3 o Gt Cr
DEFOREST. 1.0 OCEAN 2.1 : yr
’ 6.4 GREENING 1.0
6.4
3.3 _ |
FRAC. TO ATMOS. —6-2' = .52 *
. I1Gt = Ix Iolsgrams
FRAC. TO SEA 2. - .33 = 1x10° tons
Frac. To conT. +9 - s
: * 604 .




Atmosphere Net transfer to ocean due to disequilibrium in pCO,

Co,

Warm, Temp/Tropical Air/sea exchange
Surface Ocean + H ZO calibrated with 14C and
Rn tracers

2HCO,; «— H,CO,+ CO;*

Surface/deep
exchange primary
brake on net CO, \ ' ' ' b )2
VNole ocea as the cabacity o aonsc /O
transfor Whole ocean has the capacity to absorb 5/6
of the atr. increase in CO, through this
mechanism, but can only occur on tirme scale of
surface to deep mixing ~ hundreds of years
\ 4

Cold, Deep ]
Interior Ocean HCO3



and water carbon
concentrations indicated. This
hypothetical system is used to
illustrate the effect of carbonate
reactions in controlling the
distribution of a perturbation of
CO, between the atmosphere and
ocean at chemical equilibrium.

Upper ocean




P

THERMODYNAMIC CAPACITY FOR CO, UPTAKE

IDEALIZED SEA WATER (NO BORATE)
' CHARGE BALANCE |
[Na*] + [k*]+2 [Mg™*]+2[ca**]=[cr] +2[s05]+ [Heoz]+2[cos
OR ,
[Na"'] + [K+]+2 [Mq++]+2 [Ca++] - iC ! '] -2 [SO4=] = [HCO§]+2[CO3=:
OR
[ALKALINITY] = [HCo5 ] +2[coF ]

MASS BALANCE FOR DISSOLVED INORGANIC CARBON
[£c0z]=[co,] + [Heos]+ [cos]

CHEMICAL EQUILIBRIUM
CO,+C0O3 + Hp0 <=> 2HCO5

 [neos CO] mol/k

KC:W , o= [pCOQ = 0'342%_9
EXAMPLE T=18°C S=35%. K¢=1445 ALK=2100
pCO, = 280 Latm| pCO, = 3604 atm A

[con] = 9.6 |[cos] = 12.3 |*2.6umal/kg
[Hcos] = 1700 | [HCOs] = 1769 | +69umolskg
[cof] = 200 |[cos] = 166 | -34umol/kg
[aLk] = 2100 | [aLk] = 2100 | Opmol/kg
[Sco,] = 1910 | [2C0,] = 1948 | +38umol/kg

ApC02/pC0z _ 80/280
ACTOR = = = 14.4
REVELLE FACTOR = 50,7500, ~ 3871810~ @




ACTUAL SEA WATER (INCLUDING BORATE)

CHARGE

[aLkaLINITY] = [Heoz] + 2[c05 | * [HaBO]

BALANCE

MASS BALANCE BORON

[z8] = [H3805'] + [HaBOS] = 4|Q.63%p-mol/kg

CHEMICAL EQUILIBRIUM

[HaBOS] [H

co;]

Kg =

EXAMPLE T=18°C S=35%a K. =1482 Kg=2.75
ALK=2216 Si0p=0 NO3=O P04=0

[H38079][c

05]

pCOz =280 Latm | pCOz =360 atm A

[co] = 9.6|[co] = 12.3| +2.6pumol/kg
[Hco;] = 1702.5 | [HCO] = 1779.5 | +77.0umol/kg
[co;] = 203.7|[cos] = 173.1 | -30.6umol/kg
[zco;] = 1915.8 | [2C0,] = 1964.9 |+49.1 umol/kg
[Hs808] = 308.9 | [H,B05 ] = 323.9 | +15.0pmol/kg
[H4BOS]= 101.7 | [HaBOS] = 86.7 | -15.0umol/kg
[z8] = 4106 |[zB] = 410.6| 0.0umal/kg
o] = 44|[on] = 36| -0.8pumol/kg
[aLk] = 2216.0 [aLk] - =2216.0 0.0p2mol/kg
REVELLE FACTOR=AAPZC$2//;(C:8: - 4;3’;?2 S =1L




1.0 —
0.8 —
0.6 —
W
S
0.4 —
0.2 —
0.0 | | | |
200 300 400 500 600
fco, (Hatm)
fco, DIC [CO53]  pHt UF R
» » (umol kg™
(uatm)  (umolkg™) (pmol kg™) uatm" )
250 1928 264 8.21 0.90 8.6
300 1968 234 8.15 0.72 9.1
350 2000 216 8.10 0.60 9.6
400 2028 199 8.05 0.52 10.1
450 2051 184 8.00 0.43 10.6
500 2071 171 7.96 0.38 11.0
550 2088 160 7.93 0.33 11.5

m The change in the

uptake Factor (UF) and Revelle
Factor (R) as a function of the fCO,
in equilibrium with a seawater
solution containing a total alkalinity
of 2300 peqkg™'.
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A cross section of
the anthropogenic CO, in the
ocean as determined by the C*
method. Robert Key, personal
communication; Key et al. (2004).




O, concentration, difference from standard (ppm)
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