CHAPTER 2

EARTH SYSTEM
GLOBAL BIOGEOCHEMICAL CYCLE
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Earth Energy Balance (Start of 215t Century)

Units Wm-2

Solar Thermal

inb&ning reflected outgoing

340

(340, 341)

-.“" X 3 1
25 reflected " am\;l?:é’ :V?/”C
(23,26) Surface |

greenhouse

absorbed latent heat gases

atmosphere

VAl

imbalance : (72,85) (16,24)

0.7 -~ absorbed Y-~ “eva- _ sensible
———6:5-09) — surface - poration - heat up surface down surface |PCC, 2021

* Planetary albedo: ~29% (surface 7%, atmosphere 22%)
» Thanks to GHGs, the Earth surface temperature increases
from -15°C to 18°C



Vertical Distribution of Air Temperature and Its Drivers

Temperature

Structure of the
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Global Seasonal Surface Air Temperature: 1983-2004

ISCCP-FD 1983087-280412 Hean DJF ISCCP-FD 198387-208412 Hean HAH

214.0  239.0  264.0

ISCCP=-FD 1985387-288412 Hean .J.JH ISCCP=-FD 198387-288412 Hean 50H

-G 0

e f B

214 .0 239.0 264 .0 289.0 3140 214 .0 £39.0 264 .0




Global Precipitation: 1979-2008

GPCP Monthly Mean Precipitation Rate (mm /day)
Average of 1/1879——4/2008
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Understanding the Global Carbon Cycle

» The global CO, cycle and budget have significantly
intertwined with the climate system in the Earth history

» Human-induced CO, increases have profoundly affected
the climate and biosphere in the past centuries

» Increasing CO, in the future would continue to impact
our living environment to an extent that damage is
irreversible

» To understand and predict future climate, we need to be
able to predict future CO, cycle and budgets



"Carbon (CO,) Budget
for 2019
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IPCC, 2021
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Ocean-Air Carbon Flux

Biological Pumps

Alr Solution Pump Organic Carbon Pump CaCO5 Counter Pump
CO, CO, CO, CO, CO, CO,
Surface Cold Warm Production of
Ocean _ Photosynthesis * ~ roduction o
Fresh Haline Y |- : Calcareous Shells
u
High Low Carbon : w P I Alkalinity
Solubility Consumplon ) L Wy Consumption
' L '

. POC flux = . t | :
Intermediate CO, + H,0 < H,C04 : 1N - 8 oty
Water . _ v | © N : ]

H,CO3 < H™ + HCOJ Remineralization © <
HCD; s HY + C{]i‘ Carbon Calcium Carbonate
) Release Re-dissolution
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Ocean-Air Carbon Flux

Euphotic zone

Bacteria
Archaea

Viruses
Twilight zone

RDOC costing
affects
LIS e =
Qcean wates
column

Deep ocean
RDOC aggregation
Miciobial AE (HCO, ) for AR . ihigenic

example. deﬂ"'l"cahon. - carbonate
sulfate reduction 3

OC burial

Jiao Nianzhi et al., Nature Reviews Microbiology, 2024
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Ocean-Air Carbon Flux

ne

(a) Net air-sea flux (F ) of CO, (1994-2007) (b) Rate of change in anthropogenic CO, inventory (1994-2007)
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Land-Air Carbon Flux

Photosynthesis:

How do plants process carbon?

Light ray
Irom the sun
Flux of CO2 from
the atmosphere
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Greening in China in the 215t Century
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Changes in Global CO, Emissions

(a) Anthropogenic global CO, emissions

12 -
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Changes in Global Anthropogenic CO, Emissions

Global Fossil CO, Emissions

4%81 2010-19
2 +1.0%l/yr
35
2000-09
+2.9%/yr
30

1990-99
+1.0%/yr

Soviet Union

v
1990 1995 2000 2005 2010 2015
16 Gt Annual Fossil CO, Emissions and 2022 Projections Projected Gt CO; in 2022 3.0
CO.,, | Profected global emissions growth: +1.0% (+0.1% to +1.9%) All others 15.4
2 A 1.7% (+0.1% t0 +3.3%)
2.5
12
; 2
o
ﬁ B 2.0
- g TS‘
8 g'o
o &
1 2 1.5
£
L ] i
4 (&)
e T et India 2.9
o "'"::g 0 A 6.0% (+3.9% to +8.0%) 1.0
= " EU27 2.8
™" ¥ 0.8% (-2.8% 10 +1.2%)
() e e -
1960 1970 1980 1990 2000 2010 2022rj .
projecte

Proj=ction “€22

37.5 Gt CO,

A 1.0% (0.1% to 1.9%)

* COVID-19

pandemic
v
2022
projected
Liu et al., Nature, 2015
: 20:[—.—This study (median) BP. lilé%
_— EDGAR 'l
A CDIAC
] _129% IEA (sec)
= IEA (ref)
<
v T o —r— —
1990 1995 2000 2005 2010 2013
Year

21



Changes in Global Anthropogenic CO, Emissions

Total emissions GT
;O 5

-

CO2in 2013
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Recent Trend in CO, Concentrations: 1958/03—Present

Atmospheric CO, at Mauna Loa Observatory
? T Y T Y T T * T J
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CO; (ppm)

-1

CO; Growth rate (ppm yr™")

Accelerating Global Atmospheric CO, Growth
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CO, Lifetimes

Processes Time scale (years) | Reactions
Land uptake: Photosynthesis—respiration 1-102 6C0O, + 6H,0 + photons — CH,,0, + 60,
{:EHHOE + 602_3' E'CD'z + EHE{] + heat
Ocean invasion: Seawater buffer 10-10° C0, + CO,* + H,0 = 2HCO;
Reaction with calcium carbonate 10°-10¢ CO, + CaCO, + H,0 — Ca** + 2HCO;
Silicate weathering 104108 C0, + CaSi0; — CaCo, + Si0,
100 1 1 ! I i 1 I I R t
Land uptake; ‘Ocean invasion ? Soacton
ocean invasiaon E : : : - with CaCOy
SOy - e e e e — e Do Fee - R
. . . . . . . . . N 100 PgC
. : : : : : 1000 PgC
I A P S - IR :] — 5000 PgC| -

0 20 40 60 80 100 200 400 600 800 1000 2000 4000 6000 8000 10000
Years after CO, pulse

CO, pulse remaining in atmosphere (%)
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Global Methane Cycle

3 R
Methane (C H4) Bu dg et fo r 2 0 19 Flux: Million tonnes of CH, per year (Tg CH,/yr)
Atmosphere » Natural ' Anthropogenic ' Both
. . 2005 +3127+17 Stocks: Million tonnes of Methane (CH,)
« NV 4
Lifetime: ~10 years (©) s ) Qg s
Stratospheric Tropospheric Tropospheric
loss chlorine loss hydroxyl loss
1 [ Average increase
v 19+8
12-37 1-35 483-682
18-65 3-15 22-39 114-116 55-77 25-37 106-115 117-212 102-182 4-10
11-49 ' 4

Geological Oxidation Termites Biomass Fossil fuels Landfills Rice  Livestock
sources in soils burning and waste cultivation

2 - 8,000,000
511,000-1,513,000 Ocean hydrates

530,000 Gas reserves
Permafrost hydrates

Freshwaters Wetlands Hydrates

IPCC, 2021
AIBRIK: CH4ATIK &S
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Global CHas Growth

® Globalmean @ Deseasonalized trend

Near-equilibrium | Rapidly i Accelerated
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Global Nitrogen Cycle: Why Should We Care?

» Good: Important nutrition for agriculture,
ecosystem

» Bad: Precursor of ozone, aerosols

» Bad: Adverse effects on air quality, climate, acid
deposition, eutrophication, biodiversity threat

» Species: NOx, NOy, NH3, NH4, N20
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Global Nitrogen Cascade

Atmosphere Stratospheric
Particulate Effects
Matter A
Ozone | N.O
Effect Effects 2
HJX,/\}: e Greenhouse
Effects
NH
Energy production NOx NH3 X
NOy N,O

— ' .,.." - € { ~. 4 : 7 e e ?
5 Q) RN " Ecosyst a0 (o ‘,s'»' '."."" i s Torads NH,
: > "' L (W m@ ,,qm‘ \' Grassland
4!.‘!" 2 ahfonf WA ) Effects MOy
: Fo“ £y . I
production NH, AgroE:ft::tzstem Plant
Crop —> Animal l T N,O
Soil (land)
Soil @
e 5, e =
{17 People Norganic NO3 __— Coasta
(food; fiber) r‘,_
The Aquatic Ecosystem

e S e
Nitrogen — “ee", ———————
Cascade
Haber-Bosch Process: N, + 3H, (+ Catalyst) ¢> 2NH;
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Global Reactive Nitrogen Creation
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Anthropogenic NOx Emissions: 1950-2014

Anthropogenlc NOx Emissions from CEDS (T/km2/y) in 1950

0 2e-4 002 0.05 0.1 0.5 1.0 2.0 5.0 10 200
CEDS inventory 31



NO;” Wet Deposition in 2000

Lamarque et al., 2013, ACP, Multi-model mean
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Tropospheric NO, Column: 2005-2019

OMI trop. NO, dJor. 2005
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Near Surface NO, Concentrations Over China: 2021
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Near Surface NO, Concentrations Over China: 2019-2020

Estimated based on satellite NO, VCDs and machine learning

106°E 108°E 80°E 90°E 100° E 110°E 120°E 130°E 114°E 117°E 120°E
T i L L L L L L ; f -

42N

(a) Annual mean NO; map

39°N

3N 36°N

NO2 concentration

5 10 15 20 25 30 35 40 45 pg/m’

80°E 90° E 100° E E ? b 0° 123'° E

Wei et al., EST, 2022
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NO, Emissions (Tg)

Emission Trends in MEIC Database: NO,
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High-Resolution NOx Emission Retrieval Data
Reveal Large Inter-City Disparity in Anthro. Emis. Trends

City-level PHLET NO, Emissions in 2013* (1.0 x 104 Ton NO, a!) City-level PHLET NO, Emissions in 2019* (1.0 x 10% Ton NO, a*!)
55N 3 2 55°N X 2
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15°N \ .\ - . 15°N B | - J
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0 3 6 9 12 15 18 21 24 27 30 0 3 6 9 12 15 18 21 24 27 30
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161 1<')2
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Kong et al., in prep 37



Anthropogenic NHs Emissions: 1950-2014

Anthropogenlc NH3 Em|SS|ons rom CEDS (T/km2/y) in 1950

0 2e-7 2e-5 2e-3 0.02 0.05 0.5 1.0 2.0 4.0 20
CEDS inventory 38
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e
NH,* Wet Deposition in 2000

Lamarque et al., 2013, ACP, Multi-model mean
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I —a—a—_—_ _ & ___-_....---..
Bulk Nitrogen Deposition in China: 1980-2010

Liu et al., 2013, Nature
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Excess Nitrogen (N*) in Surface Ocean: 1980-2010

Kim et al., 2011, Science
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Nitrous Oxide Budget: 2007-2016
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N,O Emitted from Agriculture/Biosphere

Atmospheric N,O
o IR RS ——
SOIL

DIFFUSE SOURCES OF N,O

_ . Animal
Biological N Nitrogen in Wastes
Fixation S oils

Plants
Animals
_ Leaching
Industrial N | ‘ and -
Fixation , Runoff

Soil processes involved in the formation of N,O from agriculture
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Anthropogenic N,O Emissions: 1970-2008
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Growth in N,O Concentrations

Evolution of well-mixed greenhouse gases
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Global Sulfur Cycle




|
Oxidation States of Sulfur

Increasing oxidation humber (oxidation reactions)

—
-2 +4 +6

t R LS

Pyrite Sulfur dioxide Sulfuric acid

Hydrogen sulfide Sulfate
— FREHR AR
Dimethylsulfide
(DMS)
— etk
Carbon disulfide
IREA
Carbonyl sulfide
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Global Sulfur Cycle
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Global Sulfur

Anthropogenic Emission 1990
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Anthropogenic SOz Emissions: 1950-2014

Anthropogenlc 802 Emissions from CEDS (T/km2/y) in 1950
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SO, % Wet Deposition in 2000

Lamarque et al., 2013, ACP, Multi-model mean
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SO, Emissions (Tg)

Emission Trends in MEIC Database: SO,
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Near Surface SO, Concentrations over China: 2021
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Radiative Forcing of Emitted C, N and S

Effective radiative forcing, 1750 to 2019
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Quiz

1. Causes of difference in air temperature between
the Arctic and the Antarctic

2. Causes of slow-down in atmospheric CH, growth
rate in the 1980s-1990s and regrowth since 2007

3. Causes of seasonality in atmospheric CH,
4. Causes of seasonality in atmospheric NO,

5. Causes of horizontal distribution in sulfur emissions
from oceans
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Global Carbon Reservoirs

How Much Carbon is in the Reservoirs?

Atmosphere 750 GtC
Biosphere
N Terrestrial Vegetation 610 GtC
N Soil 1500 GtC

N Marine Biota
Ocean (hydrosphere)

N Surface Ocean 1000

N Deep ocean 38000
Fossil Fuels

N Coal 4000

N Oil 500

N Natural gas 500
Sedimentary rocks 50,000,000

*Most carbon 1s 1n carbonates and marine sediments.

*Most carbon not in rocks 1s 1 the ocean
Gigaton (Gt) =1 billion tonnes

GtC
GtC

GtC
GtC
GtC
GtC

~900 GtCin 2023
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Future Changes in Fossil Fuel Carbon
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Future Changes in CO, Burden and Sinks
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(b) Ocean Carbon Sink
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Global Nitrogen Cycle

Fixation in Atmosphere
lightin
Land plants g( 20 9 4,000,000,000
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140 Dust 6
== -
NOX 6
— Human Sea spray 15
posymeey - Biological
\ fixation
s River 30
& flow
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Soil organic - N

9500 e

Internal
cycling

Permanent burial 10

The global nitrogen cycle. Pools (["])and annual (—) flux in 10129N . Note that the industrial
fixation of nitrogen is nearly equal to the global biological fixation. (SOURCE: Data from
Soderiund, and T. Rosswall, 1982 , O. Hutzinger (ed.), The Handbook of Environmental
Chemistry, Vol 1, Pt. B, Springer-Verlag New York, Inc., New York).




I —a—a—_—_ _ & ___-_....---..
NOx Emissions by Source

NOx Budget

Table 4.8: Estimates of the global tropespheric NO_budget (in IgN/yr) from different sources compared with the
values adopted for this report.

Reference- TA Ehhalt Holland er al. Penner er al. Lee er al.
R (1999) (1999) (1999) (1997)
Base vear 2000 ~1985 ~1985 1992
Fossil fuel 330 210 20-24 21.0 220
Aircraft 0.7 0.45 02306 0.5 0.85
Biomass bumning 7.1 7.5 3-13 3-12 7.9
Soils 3.6 3.5 4-21 4-6 7.0
NH, oxidation - 30 05-3 - 0.9
Lightning 5.0 7.0 3-13 3-5 5.0
Stratosphere =0.5 0.15 0.1-06 - 0.6
Total 51.9 44.6 443
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Increasing NOx Emissions Observed from Space

Year to Year Change Relative to 2009
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Anthropogenic Emissions of SO, for 2006 in Asia
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SO, Emissions

Top-down (SCIAMACHY) Top-down (OMI) Bottom -up in GEOS Chem

15 ! 3.5
SO2 emissions [1011 molecules cm™ s“]




Decreases in SO, over Central Eastern China after 2007
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