


Agenda

e Awareness of atmospheric pollution and assessment of causes:
correlation with fossil-fuel burning

e Evidence for trends in natural systems, atmosphere, oceans
extreme weather events

e Long-term correlations of global climate parameters

sudden changes (tipping points), blocking events

Next: Earth as a planet in solar system, blackbody radiation
Radiation balance of surface and troposphere



Problem Awareness - Assessment - Adaptation/Mitigation

Awareness

Successful mitigation or
adaptation entails a
continuing risk evaluation.
With this approach,
individuals and
organizations

become aware of and assess
risks and vulnerabilities
from climate and other
drivers of change, take
actions to reduce those

risks, and learn over time.
The gray arced lines
compare the current status
of implementing this process
with the status reported

by the Third National
Climate Assessment in

2014; darker color indicates
more activity.

Monitoring

and Evaluation Assessment

Leadership, Partnerships,
Stakeholder Engagement

Impl tati Plannin ;
mpiementation 9 (Source: adapted from National

Research Council, 2010.)



Air Quality In California

Smog in LA before 2019

Smog hangs over the city on a day rated as having 'moderate’ air quality in
downtown Los Angeles, on June 11, 2019. Mario Tama/Getty Images

Clean air in LA after traffic
reduction in 2019

Attribution: individual and
commercial transport

Downtown freeways are empty of traffic as the spread of the coronavirus
disease (COVID-19) continues, in Los Angeles on April 7, 2020.



Pollution Produced by Fossil Fuel Combustion

Evaluation of implementing mitigating methods - Compelling
observations/conclusions require ‘controlled’ experiments:

e Frequent smog emergencies in industrial areas around the world
(UK, USA, Europe, Asia,...) occurred mainly as long as coal and oil
(diesel) were primary energy carrier.

e Reduced problem by implementing emission control and by
switching to cleaner energy carriers (oil, nat. gas).

e Smog increases with increased automobile traffic. Positive
correlation: also increased emission in SO,, NO,,..

e Reduction in SO,, NO,, emission enforced for power plants and
automobiles reduced “acid rain” and NO, problems in the US and
Europe.

e Reduction in use of specific C| compounds (CFC) in the US has
measurable effect on stratosphere on south polar region.



Standard Earth Atmosphere
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Pressure units: 1 Pa (Pascal) = 1 kg/ms?
1 atm = 1.013-10° Pa =100kPa= 760 Torr,
1 bar =1.0-10° Pa,

R= 8.3144598 J/(mol-K)

Mixing Ratio
Gas Volume (ppm) Volume (%)
Nitrogen 781,000 78
Oxygen 209,500 — 21—
Argon 9,340 0.934
Carbon dioxide ggh416 7 0.0d¢867
Neon 18 0.0018
Helium 5.24 A 0.0005 7
Methane Y/191.9 0.00018.9
Krypton 1.14 0.00011
Hydrogen 0.55 0.000055
Nitrous oxide 0.33 0.000033
Carbon monoxide 0.1 0.00001
Xenon 0.09 0.000009
Ozone 0-0.07 0-0.000007

These numbers are for a dry atmosphere; the water content of
the atmosphere is on average 0.4% (1-4% at the surface).

Barometric Law
P(z)=P(0)- e "

i)

height scale
R-T
Mair g

Boltzmann Factor



Correlated Changes in Atmospheric Composition

Other changes of Earth atmosphere: O, depletion - correlation with CO, ?
Both have oscillatory pattern, non-linear long-term trends.
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US National Emission Trends 1990-2014

National Emission Trends (thousand tons)
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Observation Of Global Climate Trends

Previously proven: Some man-made pollution effects on global
upper atmosphere was/can be halted and reversed !

Are these valid examples for attacking an even larger (global)
problem (climate change) ? &> Scale !
Strategy:

First (Awareness): Deterioration of human/animal systems (declining
health, lifetime, # population) ?

Second (Assessment): What are (likely) causes, natural or man-
made, e.g., natural climate cycles, anthropogenic (CC from fossil fuel
burning)?

Third (Plans, Implement, Monitor): Can effects be halted/reversed ?

Our Investigative Tools ‘




Weather, Climate, Land, Atmosphere, Oceans

. ] ’ -
Remote |mag|ng of atmospherlc water vapor b : J ﬁ 1
l

__sateuht»e |m‘age57(NOAA 4@&, alle B : One ‘of the many .weather, statfons l
: g (Albany) of US Network.

Excellent weather/climate information provided by several
national/international agencies allows systematic climate
evaluation and projection-> Research efforts in Nat’l Labs/Univ.
Examples:

1. U.S. Historical Climatology Network (USHCN): 1221
observing stations in the 48 contiguous states (Europe equiv).

2. Complex, remote measurements of atmospheric
temperatures, composition, flows, ocean temperatures, etc.,
via NOAA/NASA/ESA/EUMETSAT satellites.

red B thé 3. Check theoretical models against known history.

qur-Sle- o Il VAT Paleo-climate information: air bubbles in Greenland or Antarctic

,National¥ice Core Lab _: TS cores, tree rings, coral reefs, historical records.
Denver CO (NAS 2010)




Polar Regions Reduced Ice Cover

NASA sim from satellite+
surface observations.

Ice cover in winter of 1979
northern hemisphere

Ice cover in winter of 2020
northern hemisphere

Breaking ice shields in
Antarctica



Evidence for Large-Scale Changes

Global Land and Ocean Temperature Anomalies
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Economic Implications NASA/NOAA satellite image.




Some Hard Facts: Opening of Northwest Passage

Old folklore: 45-ton fishing schooner Gjga holding Amundsen
Northwest
Passage exists
between Atlantic
N Vi, & Pacific Oceans.
A ou True? Perhaps

rRoald A S acen when Vlkln?gs in
(1872-1928) Greenland:

and crew of 6 on expedition to NW passage.

‘¢

Amundsen's
Route
A

1903: Amundsen led the first expedition to
successfully trans-navigate Northwest
Passage connecting Atlantic and Pacific Oceans.
Navigated small one-mast schooner with
auxiliary gasoline engine close to coast.

Route: Baffin Bay = Parry Channel = south through Peel
Sound - James Ross Strait > Simpson Strait > Rae
Strait. Two winters at King William Island (today’s Gjoa
Haven, Nunavut/CA).

e S >2016: Passage much easier for larger ships IZ';>
0 25 50 75 100

lce Concentration

From National Snow and ice Data Center courtesy University of Bremer




Arctic/Antarctic Sea-Ice Development

June Arctic sea ice extent anomalies

% 3

£0-L0- LTOT pean Mk
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June Antarctic sea ice anomalies
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1991-2020 June average sea ice extent: 13.9 million sq. km
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Temporal fluctuations, seasonal dependence, complex trends

Climate skeptical attitudes :>



Awareness: What Climate Change, Who's Done It?

WATCH  SCHEDULE CONNECT  TOPICS ABOUT SHOP
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Democrats (>80 %) believe global warming exists and (87%) is caused by uman 2
Republicans are more skeptical: only 40 % believe effects exist and huma s'have cal




Selective “Alternative” Climate Data
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Individuals and political action

groups challenge “Global

Warming” assertion by UN-IPCC
1 climate scientists.

- Do statistics data “lie” ?

Is the truth only “in the eye of
the beholder” ? (“truthiness”)

How others view “Global Warming”

Global Land Temperatures (t)
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Effect on Extrapolation

Global warming reached en estimated 0.70°C in December 2000.
If the 30-year warming trend leading up to then continued,
global warming would reach 1.5°C by May 2045.

1970 1580

May 2045

December 2000

1990 2000 2010 2020 2030 2040 2050

' ' | . [ | ' . | ' ' | ' ' ) ‘. | ' ' | . ' |

2000 2003 2006 2009 2012 2015 2018 May 2020 Aug 2020 Nov 2020 Feb 2021

Global warming reached an estimated 1.19°C in February 2021,
If the 30-year warming trend leading up to then continued,
global warming would reach 1.5"C by February 2034

|

| ﬁ (1, ll
LA

. T I (R U

2000 2003 2006
— Tempetature trend
e IPCC "likely" estimate

199¢

February 2034
February 2021

2000 201¢ 2020 2020 2050
' oo ' I ' ' | ' | ' \ ' ' \ . ' | '
2009 2012 2015 2018 May 2020 Aug 2020 Nov 2020  Feb 2021

= Observed temperature change since pre-industrial times
IPCC projections




Context Paleo-Climate: Mean Global Surface Temps

Holocene J
S L 425

{ijO[Sl D] C P‘ Tri J ] K [ Pal [ Eocene ] Ol Miocene ] Pliocene

Pleistocene

§
4
O 21
500 400 300 200 100 60 50 40 30 20 10 5 4 3 2 1000 800 600 400 200 20 15 10 5 0
Millions of years before present Thousands of years before present (2015 CE) ﬁ
https://commons.wikimedia.org/w/index.php?curid=31736468
https://en.wikipedia.org/wiki/Paleoclimatology#/media/File:All palaeotemps.svg/ NOW

Different methods to determine temperatures (etc.) of paleoclimate, ice
cores (=3Ma), isotopic ratios, ocean sediments (#100Ma) > direct satellite T

measurements (£0.1°C)

°F vs 1960-1990 average


https://commons.wikimedia.org/w/index.php?curid=31736468
https://en.wikipedia.org/wiki/Paleoclimatology#/media/File:All_palaeotemps.svg/

Correlations of Atmospheric Data with T

A Temperature (K)

CO; (ppmv)

20

=)

Dust Flux (mgm™“a’)

%
3

600
Age (thousands of years BP)

Ice core data for the past 800,000 years (x-axis values represent "age before 1950", so today's date is on the left side of
the graph and older time on the right). Blue curve is temperature,[26] red curve is atmospheric CO2 concentrations,[27]
and brown curve is dust fluxes.[28][29] Note length of glacial-interglacial cycles averages ~100,000 years.

Back to shorter time scales :>



PARTS PER MILLION

A Changing Atmosphere: CO, Levels

Atmospheric (_:o2 at Mauna Loa Obsefvatory DIRECT MEASUREMENTS: 2005-PRESENT

400 F ) ; Data source: Monthly measurements (average seasonal cycle
Scripps Institution of Oceanography removed). Credit: NOAA
NOAA Earth System Research Laboratory
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http://www.esrl.noaa.gov/gmd/ccgg/trends/

Recent Temperature-CO, Correlations

Last 250 years (anthropogenic activities?):

Systematic gradual rise of AT=1.59C correlates with experimental
record of atmospheric CO,, as measured from atmospheric samples
and air trapped in polar ice.

Modified CO, concentration is strongly correlated with T.

Solar variation not seen to impact mean temperature trend much.
(Berkeley Earth Surface Temperature study, 2012)

jol ' Berkeley Earth Results "

post 1956 rise attributed | | 4

yearly by IPCC to humans | /]

temperature Curve:

carbon dioxide p |
+ volcanoes |

'Hﬂh Pl

©
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©

(]
temperature pattern match in time g' l .|
of occurrence and amplitude the 2 l |g i ‘
emissions of known explosive T g5 I , h [
volcanic eruptions. © N Chichon

€ ” Pinatubo
Particulate clouds from volcanic S 8 Agung ‘
events reflect sunlight and cool the oy Krakatoa
Earth’s surface for a few years. i ,

g 7.5¢ Named volcanic
Small rapid variations are Cosiguina Hupsiols
attributable to El Nino and other 7k ‘\Tambora source:
ocean currents such as the Gulf ‘ Wl | Seheytantare. |
Stream. 1750 1 800 1850 1900 1950 2000
(From BerkelyEarth Project ) Year

Atmospheric GHG gases (CO,) = increasing T trends. GHG Influence Is
countered by aerosols (dust particles), volcanic emissions!


http://berkeleyearth.org/

CO, Equilibrium

As Oceans Absorb CO:, They Become More Acidic Increasing atmospheric

concentration of CO, - increasing

e [8'38 CO, solvation in sea water >
—&— Atmospheric CO mv | i i i
. - S B ) 8.33 decreasing pH value (increasing
Seawater pH 628 [H*], complex set of rxns)
350 o NCADAC Report 2013
g Z
395 | 8.18 Consequence (Example):
1 \813 Pteropod, “sea butterfly”:
30 \]\\ | Tiny sea creature (size of pea).
8.08 Pteropods = food for marine
275 : . y . — 803 species from krill to whales, major
1940 1850 1960 1970 1980 1990 2000 2010 fOOd for North Pacific salmon.

Year

Photos show progree of dissolution

of a pteropod’s shell in seawater

Shells Dissolve in Acidified Ocean Water with pH and carbonate levels
projected for the year 2100.
The shell slowly dissolves after 45

days.

(Photo credit: National Geographic Images)

Q: Is there a causal relation CO, <> T ?



Ocean Warming Trends

Increased ocean heat content (OHC):
1971-2010: AP=(0.39+£0.07)W/cm? for

upper 2km ocean.
2018 [Cheng et al. (2)], along with the other annual observed values superposed.

Zettajoules (1 7]1=1021 _]) Kelvin

® Chengetal. (2) -1 ﬂf:,,"ggm :

2500 @ Domingues et al. and Levitus et al. (10, 12) 2081-2100

@ Ishiiet al. (6) 2
£ ® Resplandy et al. (11) 7
3 / Los

/ |

e / Most (>90%) excess
g 555 i PO - heat energy is absorbed

200 4 -06 by oceans. Man
g 1001 1150 RCP8.5 ,’l y y
b i Ay — different methods of
g 50| 7 1 04! ’ measurement: Direct
E e géo 1995 2000 2006 2010 2015 /’/ /-"/ - U contact with dI?OI’]e
g . A floats,..., satellites.

o
500 P L -02 .
o Predictions: For BAU
i AE=2300Z7]
Baseline: 1991-2005  sxenseet-0 AT= +0.9 K by 2100.
g - outgassing, sea level
T T T T T 7 T T T ¢ .
1960 1570 1980 1990 2000 2010 2020 2040 2060 2080 2100 rise (by how much?)

L. Cheng: Science Mag. Jan 11, 2019



Mean Global Temperature Trends = F(time)
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March 20186
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Interactive Graphics (NYT Jan 18, 2017): https://www.nytimes.com/interactive/2017/01/18/science/earth/2016-
hottest-year-on-record.html?emc=etal& r=0



Evidence for Systematically Changing Climate

U.S. Jun-Jul-Aug Surface Temperature Anomaly (°C)
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US: world’s most extensive weather/climate
records, publicly available.

2012 statistical study of changing
temperature patterns:

Report Perception of climate change by
James Hansen et al., (NASA Goddard
Institute for Space Studies and Columbia
University Earth Institute

30-y period 1951-1980 with relatively
stable climate defines a near-normal
climatological temperature distribution,
(Figure).

In time, T distribution shifts to higher
means and becomes broader.

Less visible when compared to different
(more recent time period) normal
standard (Figure right).

<T(t)> How systematic ? | |:>




National Climate Assessment and Development Advisory Committee

Summary Findings (edited):
1) Global climate is changing, apparent in a wide range of observations. The climate
change of the past 50 years due primarily to human activities (burning of fossil fuels).

2) Extreme weather and climate events have increased in recent decades, evidence is
mounting for human activities as dominant cause.

3) Human-induced climate change will accelerate significantly if emissions of heat-
trapping gases continue to increase.

4) Impacts of climate change, evident in many sectors, become increasingly challenging.

5) Threats to human health and well-being from extreme weather events, wildfire,
dangerous air quality, diseases transmitted by insects, food, and water, and threats to
mental health.

6) Infrastructure adversely affected by climate change: sea level rise, storm surge,
heavy downpours, extreme heat.

7) Lower reliability of water supplies, affecting ecosystems and livelihoods in many
regions, particularly the Southwest, the Great Plains, the Southeast, the islands of the
Caribbean and the Pacific, including the state of Hawai.

8) Adverse impacts to crops and livestock over the next 100 years, increasing disruptions
from extreme heat, drought, and heavy downpours.

9) Natural ecosystems directly affected, changes in biodiversity and location of species.
10) Life in the oceans is changing as ocean waters become warmer and more acidic.

11) Planning for adaptation (address and prepare for impacts) and mitigation (reduce
emissions) is increasing, but progress with implementation is limited.



Tipping Points for Complex Systems
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Impacts of Extreme Weather (CC)

Energy Demand Electric Grid Wind, Solar, and Biofuels Hydropower
* Higher summer temperatures drive * Winds, ice storms, and wildfires damage * Changes In wind pattems and solar + Drought and reduced runoff reduce
increasing demand for cooling energy transmission and distribution towers/lines Tesources impact generation power production
(primarily electricity) + Extreme heat reduces power lineftrans- + Extreme winds damage wind and solar + Earlier snowmelt shifts peak production
+ Higher winter temperatures drive reduced former capacity infrastructure earlier in the year
demand for heating energy (including * Flooding can damage substationsftrans- * Increasing temperatures reduce generat- + Flooding increases risk of damage
natural gas, ofl, and electricty) formers/underground lines | ing capacity and disruption
= | * Extreme heat/drought reduces biofuels

Thermoelectric Power

* Higher air and water temperatures
can reduce power plant efficiency
and capacity

+ Reduced water availability can reduce
capacity and lead to shutdowns

= s 1| + Inland and coastal fiooding can disrupt

‘ operation and damage equipment

+ Increasing scarcity of freshwater can

limit siting of new generation

N Refineries Fuel Transport
Pipelines  Extreme weatherfiooding damage + Inland and coastal flooding inundate low-lying
+ Flooding damages pumping stations, refineries roads and rails and can damage bridges,
undermines/scours river crossings + Reduced water availability can constrain river and coastal ports, and storage facilities
+ Loss of electricity impacts pumping fuel refining and processing « Reduced river runoff can impede barge traffic
operations + Loss of electricity Impacts refining + Extreme weather, fiooding, and blackouts can
operalions disrupt distribution outiets and gas stations

Oil/Gas/Coal
+ Extreme weather, sea level rise, and
flooding disrupt/damage offshore and
onshore energy operations and facilities
+ Reduced water availability consirains
drilling, fracking, and mining operations
+ Thawing permafrost and subsidence
reduce access and impact production




Extreme Weather Events

2012 Mldwest d’reug‘ht (woré’t smce 19305 dust
bbyv’l‘;destro'y ‘rhény Gnoﬁg@ Ilvestoék drove
PR \,“d/meat cés‘“‘%ne hot &?slry y\ears

.

Lives lost in heat waves:

~ 750 in Chicago 1995.

~ 3,000/15,000 in Paris/F 2003.
2010 Moscow heat wave (many ?)
2012 Chicago Heat Wave: 3 days
of continuous >100°F (first since
1947).

Now better prepared facilities.

2012 Large parts of France are under high (yellow) alert following record high
temperatures. Some towns report highest temperatures in 90 years.

Elsewhere ? 2012: African heat wave swept Turkey > 559C (133 F) ? (Blogs, web casts)

Since 1960, Africa has warmed AT=+0.5°C, expect further + (1.5 - 4)°C in 21st century.
Heat decreases cereal crop yields (especially maize) by =(10-20)% per 1°C rise.

Shifting rainfall patterns also influence crop.

Many African countries: cultivation of few varieties of crops, no irrigation. Vulnerable to
climate change (global warming). - More conflicts expected, human migration waves ?
African boat people to Spain/Italy/France.



Current U.S. Droughts 2021

U.S. Drought Monitor Septambar 7, 2021

Valid 8 a.m. EDT

Drought Impact Types:
r~ Delineates dominant impacts

S = Short-Term, typically less than
6 months (e.g. agriculture, grasslands)

L = Long-Term, typically greater than
6 months (e.g. hydrology, ecology)

Intensity:

["] None

[] DO Abnormally Dry

[T] D1 Moderate Drought
D2 Severe Drought
Author: 5 I D3 Extreme Drought
David Simeral I D4 Exceptional Drought

Western Regional Climate Center

The Drought Monitor focuses on broad-scale conditions.
o Local conditions may vary. For more information on the
é Drought Monitor, go to https.//droughtmonitor.unl.edu/About aspx
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California Wildfires

Multi-year droughts in CA: water
problem, increased # and severity of
wildfires

Paradise/Ca lost town, < 23
fatalities.

Role of electrical lines (PG&E)

Number of acres burned per year (in millions)
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Current U.S. Droughts

U.S. Drought Momtor Novemmtr-18; 2045
o Li , :

5
WGy 3
ﬂi\: < ip'vhiﬂ_r f
i"’/j/}; % e, A R | N A L T ...
- - 2016 Hottest year recorded
2015 Hottest year recorded
e 2014 Hottest year recorded
N N 2013 Hottest year recorded
o eags
\'s __,:;‘—_"r;—‘_ Iht lllllll .
N k. v, T . , Fluctuations, but most of
intensity: . \? {‘) 5‘ ;\.I the hottest years ever
~1 DO Abnormally Dry ~ Delneates dominentimpacts N occurred during the last
1 D1 Drought - Moderate S = Short-Term, typically <6 months “T:L'_),decade

B D2 Drought - Severe {e.q. agriculture, grassiands)
- 03 Drotht - Extreme L = Long-Term, typically =6 months

Il D4 Drought - Exceptional e g nydrology, ecology) . .
‘ | USDA 4
The Drought Monitor focuses on broad-scale conditions. G 12N Dot Mitguticn Cente

Local conditions may vary. See accompanying text summary
for forecast statements. Released Thursday, November 17, 2016

http://droughtmonitor.unl.edu/ Author: Richard Heim, NOAA/NESDIS/NCEI

25.2% of Contiguous U.S. in Drought ( ~+10.7 percentage points since early October)

Degradation: Tennessee Valley into lower Ohio Valley, Southern Appalachians, upper
mid-Atlantic into Northeast, Central Plains into Southern and Central Rockies

Improvements: Pacific Northwest, northern California, Northern Rockies and parts of
Northern Plains



Elsewhere: Australian Heat Wave 2019

Several years of drought in Australia.

Excessive heat during Summer 2019,
T >116 OF Loss of farm land, livestock
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Trends in Significant Weather Events

U.S. Heat Waves US Fourth National Climate Assessment
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Storm Landfall (t) | Affected | Fatalities Superstorms (1 in 50 a) in
(Cat) 2017 hitting US. Fatalities,
Maria (V) 9/20/2017 | Puerto >500 (?) substantial damage

Rico
Irma (V) 9/10/2017 | Florida 134(US 90) Fewer in 2018

Barbuda,

St. Martin

NOAA

Harvey (V) | 8/25/2017 | Houston 90




Significant Weather Trends

Number of 5-yr, 2 Day Events Excess precipitation

(1958-2016) and flooding events
have increased.

Number of 2-day events
with total precipitation

exceeding the largest 2-
day amount expected to
occur, on average, only

once every 5 years
(calculated for 1958-

Change (%) 2016)

US Global Change Research Program

<0 0-9 10-19 20-29 30-39 40+ Climate Science Special Report, 2018



Sudden Bursts of Extreme (Chaotic) Weather

Jan 2019 US Midwest and
NE: Extreme cold (-259C)

Northern Vortex: CC flow
of upper atmospheric flow
over North Pole.

Cold wave 2019: NV
fractionated, driving cold
air south.

Possible connection to smaller sea ice cover. Warmer ocean water generates
upward convection tilting the NV. - chaotic dynamics (Edward Lorenz)



Extreme Weather Events: Hurricanes in US
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More frequent extr

weather: Hurriceanes Irene,
Katrina,.., Sandy,...
o

Hurricane Kat‘n 3’ N_gN bfleans
(Aug. 29, 2005), Category 3 winds
downtown, tidal surge. Center of
Katrina missed__cifc“y..

Oct 30, Nov. 1 2012: ~1,000-mile-wide
“Superstorm” Sandy devastates NY, NJ,
Connecticut,... More tornadoes (2016 US East Coast)

:5andy’sJersey- @ity-trall. Several 10,0000 8gaR s~ - =
’r-msptacedrstranded MlHlons w+tﬁout po%mnif" :
\%tates ! o
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Superstorm “Sandy damages:
Significant economic losses : ~ $6-1010 |

Extreme monsoons in Asia. Flooding (Bangladesh).



Tropical Storms in Atlantic
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# of Atlantic tropical storms lasting more than 2 days has not increased.
# of storms lasting less than two days has increased sharply,

likely due to better observations.
Figure adapted from Landsea, Vecchi, Bengtsson and Knutson (2009, J. Climate)



Atlantic Multidecadal Oscillation (AMO) Hurricanes
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Influence of Atlantic Multidecadal Oscillation (AMO) Hurricanes



Anthropogenic Influences

Many correlations exist between human caused pollution and global climate
parameters: To what extent is there a causal relationship ?

- Quantitative agreement between observation and robust physical models
- Absence of plausible competing scenarios
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Simulated changes in global temperature when considering only human influences (dark red line),
including the contributions from emissions of greenhouse gases (purple line) and small particles
(referred to as aerosols, brown line) as well as changes in ozone levels (orange line) and changes in
land cover, including deforestation (green line). Changes in aerosols and land cover have had a net
cooling effect in recent decades, while changes in near-surface ozone levels have had a small warming
effect. These smaller effects are dominated by the large warming influence of greenhouse gases such
as carbon dioxide and methane. Note that the net effect of human factors (dark red line)explains most
of the long-term warming trend.






