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Whhyaar étheisunset’red?

For small particles, Rayleigh scattering: 1/1 4



Howdda!cloadsform?

Chance collisions of,@ molecules Embryonic water droplet large
(more likely as vapour pressure enough to remain intact

Increases
‘ ............ R




The/ASM: falfullyceuplettsystem

. Global Climate
? \ System/Change

Land-use
i i R |
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Processes
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Chhanges indhé&ASMchayerimmpiontantimpaectshmy
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Setting the stage ...

AHydroclimatenain y precipitation, but not only

APrecipitatioﬂarge neterogeneity, result from mal
physical processes, vital Importance

AControversi&lsuItsmany uncertainties,
observations vs. models (this is not a complete
assessment)

Aerosoltshanges inmosphernisurfacéeating
gradientgliabatibeating from rainfall, circulation




A world of aerosols

A Aerosol: asuspension of fine (10- 10>m) liquid or solid particles in the ai

A About 10% of global atmospheric aerosol mass is generated by human
activities, concentrated near or downwind of sources

AAnthropogenic aerosols: urban and industrial emissions, domestic fire a
combustion, agricultural burning, dust from overgrazing & deforestation

A Natural aerosols: wildfire smoke, sea salt, wiiidwn soil dust, volcanic as

A Primary (directly emitted in the atmosphere) and secondary (formed by
chemical reaction from precursors trace gases, , W), -> sulfates,
nitrates)

A Examples: sulfate, soot (black carbon), organic carbon, dust, sea salt

t *_.‘“

Vehicleemissions ; i .
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Pollution in Mexico City (NCAR) (. da ‘ o\t
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California fires 26 OCtObef;,% Optical Thickness
2003 (NASA GSFC) :

Effective Particle Radius (um)

1 10 75 2 9 16 23



Winysshoulct bercare aboutaetosols

Aerosols affect:

A Visibility

A Human health

A Air quality

A Biogeochemical cycles and ecosystems (as nutrients)
A Air traffic (Volcanic eruptions)

A Climate (radiation, chemistry, rainfall)

Aerosols are important franoleculato globalscale

Which aerosol properties should a model be able to simu
In order to be useful in the areas above?
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Aerosolsrand hemanlihealth

"
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MOPHY OKS a[ 2Y R3

A period of cold weather, combined with an anticyclon
windless conditions, collected airborne pdlntestlis arisir
from the use of dbtd form a thick layesmbgover theity

How Does This

Affect Me?
1000 7 M Deaths — 4000
B Sulphur Decxsda
U Smoke
i B0 — 3200 =
z %
: 3
g SO0 - 2400 §
E g‘
® Severe Respiratory Problems '? a0 | eoo &
such as asthma, chronic £
bronchitis, degraded B g
lung function E
® Respiratory Failure 200 - aon
® Cardiovascular Disease and
triggering of heart attacks
® Cancer o 0
1] T T 1] T T ] T T ] T T ]
@ Affects on unborn babies 1 3 5 7 a 11 13 15

Date Decsmbear 1952



Aeraosobipreperties

A Mass concentration

A Size distribution of the number
A Chemical composition

A Mode of production

A Mixing state

A Solubility and water uptake

A Shape




Aerosolhmass

Mass concentration of aerosols
smaller than 10 pm (PM10) in
g m=. MACC Air Quality
forecast for 24 October 2012.

SN NIRLE BB

0 Concentrationsemp nmy,
typically referred to as
Particulate Matter (PM)
In the air quality
community.

0 Aerosol models often
use the aerosol mass
mixing ratio, in
kg[aerosol] kg[dry-air]

12



Aerasolistzésdistribution

The size distributiothes

AT I Adriatic T .
w0l /SN TArRFOX | distributioofparticle numbfgr
. s b ACE-2 .
S 102l ‘m‘\ _____ Black sea | SUrfacer volumjeas a function of
2 o0l . | patrticle radius
g 10 \‘\ 10 Thg S|zeI|str|bu.t|on typically
: 1 exhibitsocal maximuprealled
1019/ et - {1 modes
0.1 10 10.0 0 Q: Why arthere maximurasd
adius L] minimunts

Average number size distribution from
aircraft measurements of pollution aerosols
(Osborne et al., 2007)
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Aerasolhmiedes

Typical range

for aerosol r<0.05 0.05<r<0.5 05<r
radius r (um)

Typical Coagulation of
roduction . smaller aerosols,
process conversion condensation of
P from gas to Friction

gases onto existing
aerosols,
combustion

aerosol



residence time (min)

10°

104

108

102

Aerosols come from a variety of sources,
and reside In the atmosphere for weeks

Chemical Conversion

VH°1 of Gases to Low
ai’“ Volatility Vapors
Condensation Low
Volatility
Vapor
- l
—~ Homogensous '
10 S Coagulation Nucleation :
- B @ * |
- Condensation Growth f |
e Chain Aggregates| : |
= of Nuclel | [Wind Blown Dust
B +
- 1 8 : Emissions
c +
o Droplets : Sea Spray
| © Coagulation | +
- 0.1 ) o : Volcanos
(O] " +
= Coagulation | | Plant Particles
T T T T T T |
) |
104 10° 102 10' 10° 10' 10% 103 Soagulation |
. i |
radius (um) Raifout | -
| [ [ | Washout : mentation
| | | |
. wet dry |
coagulation " " | ‘ ! ' |
dg f deposition deposition 0002  0.01 0.1 1 2 10 100
condensation PARTICLE DIAMETER (um)
e el AoSUTatan Moo caly, Corerated
«—— Fine Partidles Coarse Parlicles ——

1335:10.1 2B Hm

Seinfeld and Pandis



G FAY S ¢ diameters D < 2.5 microns
sulfate, ammonium, organic carbon, elemental carbon
Nuclel mode 0.005 to 0.01 microns
condensation of vapors
Accumulation mode
0.1 to 2.5 microns coagulation

@ O2 I NA 8idgmeters D > 2.5 microns
natural dust (e.g. desert)
mechanical processes
crustal materials
biogenic (pollen, plant fragmets)



Aerosolisizesdistribution

s T0 describe mathematically the distributmadoragrosoiode,
functions that can cover a taryge afizes are useful

s The most popular function isginermal distributiainich describes w
thetypical distributiarisserved in the atmosphere:

AN 1 1 /In(r/ro .
¢ = Np exp | —= ( 11(1/1(,))

dinr 2T Op 2 )
N: Aerosol number I Mean/median radius
r: Aerosol radius o : Standard deviation

N : Total aerosol number 0

17



Aerosolisizesdistribution

. Number ) Surface i Volume
10g il T I0° g T N T 9
E e f _ E E
P H,‘_ - ~ "\\ ]
1 & " o a £ - e P
VTN : 2T /)
s 10'E _o' ] -.: T"-". 7
o AN <] E !
£ 10 \\\ T / S ; = 10 ,-"z '
o /o : | /
R ~. m / ‘ 1 4 n'E 4
otk N # / / & F
: k .-".I

5L i 1l i L rd 1 Il -'.I 3 ) i -'I
1o .01 0 I T (]| 01 1 jn 00 0.1 I Il

Radius (pm)
Three lognormal distributions with r,= 0.01, 0.1, and 1 pm, g,= 0.7. From Boucher (2012)

b Aitken-mode aerosols dominate the distribution of the number.
b Accumulation-mode aerosols dominate the distribution of the surface.
b Coarsemode aerosols dominate the distribution of the volume.



Marsaerosebspeacies

0 Sulphate (ion $£), founds sulphuric acigS3d), andammonium
sulphatéNH),SO,

O Nitrate (ion N, founas nitric acid Hjy@mmonium nitrate,N&
0 Mineral dust

0 Oxides (silica, iron oxides), calcium carbonate, ...

0 Seasalt NaC

0 Carbonaceous

O Black carbon (soot), organic matter

Primary aerosolDirectly emitted ithte atmospheas a particle.
Secondanrperosols Product of the oxidatiang#seougrecursor

0 Q: What are examples of primaseaoddary aerosvls
0 Distinguishing between aerosols genensdduardyprocessasd human
activitiesapthropogenis alsaiseful, most notably in climate studies. *°



® Urban
® Urba

® Remote

Aerasolehemicalcontposition

1 MR Chioride

Downwind

Pinsachs Park Wy  New York Cly NY

123

Boulder, GO Storrs Peek. CO  VINcOomvar Pittabergh, PA
A ‘l

~

\ .l
\\ \ N \'.

Riverside, CA

lMllwl

Inorganics: @@ Sulfate B Nitrate w

Organics:

mnw UK

m HOA mm Other OA

M Total OCA mm LV-O0A

Hrrtsia

mmhmam-mun Firderd

\\\\\\

GQGCQC Qeeé

O-n-w

¥ 4
5
T

/

a1 / 128 e

o X -

-lm Dulca Foread

Heuston. 7X

NC

Thompaon
Fam, NY N

!

2

rl
4
or

eegggeée

O inarma
Jwpon

Fukoe
Jap

/-

96%@@0

()

PUSOTENG “Yaung

FutpETMWg
yrohnwaiuer

UND

Oufog

Climatology of aerc
mass spectrometer
measurements by
Jimenez et al. (200
Only includes orgal
and nomefractory
inorganic species.

Aerosol composition exhibits strong spatial variations, and may also
vary strongly in time.
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Aerasolhmixingistate

0 Composition is governed by

Purely external chemistry, thermodynamics,

mixture and kinetics, driven by
temperature, moisture, pH, ...
0 External mixtundixturef
particlesvith distinct
chemical compositions.
0 Internal mixturglultiple
materials in the same
Purely internal particle.

mixture & The internal mixture of a
primary aerosol coated by
secondary material is
common in the atmosphere.

21




Aerasolsalubilitylandwatekaptake

22 =—B302

— B363

B364

B365

b Aerosols suchas sulphate are o
dissolved into small water droplets. .
Non-dissolved aerosols canbe coated i <
in soluble materials. - | e
E 18 B380

= = Avarage it (all fights)
<o Average M (excl B374 and B357)

b The amount of water condensed onto

the aerosol increaseswith increasing

relative humidity : this is the 3
hygroscopic growth.

1.4

Relattva hamidity (%)

Ratio moist to dry aerosol radius as a function

of relative humidity.

From aircraft measurements during the
EUCAARI-LONGREX campaign over Europe.
Highwood et al. (2012) 29



Mineral dust (Volten et al., 2003) Sulphate, soot, and fly-ash Sea-salt (dry)
(Posfai et al., 1999) (Chamaillard et al., 2006)

0 Dissolved aerosols tgracally spherical
0 Mineral dust exhiloitere diverssnd complex shapes.
0 Shape affects:
Aerosatadiatiomteractions
Chemicakactions ahe aerosaslrface
Theabllity to serve i@e clouduclei

Modellersften makihe simplifyirmgsumptiotmat aerosoése spherical.
23



Aerasolhmiedetling

Summary diagram for primary aerosols

ﬁ

Transport
Ageing

Emission Deposition

Aerosol aging refers to the change in the composition, size, and mixing state (the extent t
individual particle contains a complete mixture of all different chemical components of the
population) of the aerosol.

24



Aerasolhmedetling

Summary diagram for secondary aerosols

Gas phase

Precursor

emission

q

Aerosol
phase

Oxidation
Gas-to-particle
conversion

ﬁ

Transport
Ageing

Deposition
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Typeoofaerosobimadels

Simulate modal
mass for an external
mixture of species.

Size distribution is Decompose the size
prescribed globally. distribution in bins.

Mass and number Does not usually
are co-varying. represent the mixing
state.

Simulate modal
mass and number for
an internal mixture of
selected species.

The mean radius of
the size distribution
depends on mass and
number.

Width of the size
distribution is
generally fixed.

Mathematically, the time evolution of the mass (or number)

concentration of a given tracer is given by:

de
Ot

% L div (¢ V) =div (K,,Ve)+S— P

26



Aerosotenissions

Emissions of anthropogenic aerosols i@gntorieghich are gridded datasets givin

emission rates (kg[specieésgifor variougases anderosols

A Globabrregional,

A Monthlyseasonal, annual, or decadal basis.

A Emissionsf natural aerosols are computedaysamgmeterisatiovhen available, th
relieson quantitiesmulated by theodel: e.gvind speed, soil moisture, temperatt

Indicative emission rates for present day, averaged globally and annually

Anthropogenic  Natural emission
Gaseous precursor Primary aerosol emission rate rate

Sulphur dioxide (SO2) 50-90 Tq[S] yr* 10 Tg[S] yr
Ammonia (NH3) 20-50 Tg[N] yr* 10 Tg[N] yr*
Volatile organic i 1 i 1
compounds 2-40 Tg[C] yr 80-200 Tg[C] yr
Carbonaceous aerosols 1
from fossil fuels 2050 TgiCl yr
Carbonaceous aerosols - -
from biomass burning 20-90 Tg[C] yr 20-40 Tg[C] yr
Mineral dust 40-130 Tg yr* 1000-3000 Tg yr*
Sea-salt 2000-10000 Tg yr*
Dimethylsulphide (DMS) 27

10-60 Tg[S] yr*



Emissiomvaventaries
b Anthropogenic emissions are estimatedfrom inventories for various activity sectors:
Transport, shipping, aviation
Power generation and industry

Residentialand commercial
Agriculture

Biomassburning (also includes a natural component)

Sulfur dioxide (Year 2010, CMIP5 dataset)

15 (20%)

4 (8%)

3 (6%)

Total: 50.8 Tg[S] yr'

Bl Transport B Industry | Other
Bl Shippin Ml Domestic [
B Power plants Biomass buming

Solvents B Agricuiture 0.1 05 1 5 10 50



Primary carbonaceous aerosols (Year 2010, CMIPS dataset)

25 (58%)

1 (3%)
(4%)

(10%)

i

B Transport B Industry B Other
Bl Shippin Bl Domestic C
Bl Power plants Biomass burning -
Solvents Bl Agriculture 0.1 05 1 5 10 50
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Aerasotrentssionsarchhanges Since Pl

IPCC AR5 Annual Average SO Emissions 1850 IPCC AR5 Annual Average BC Emissions 1850
2.1 Tg/yr Anthropogenic le-12 kg/m2/s 1.05 Tg/yr Anthropogenic  le—12 kg/m2/s

-

2.45 Tg/yr Biomass Burning 1le—12 kg/m2/s 2.03 Tg/yr Biomass Burning le—12 kg/m2/s

T T T T T C 1T T .
0.0050.05 05 1 5 10 15 20 25 30 40 50 75 100 0.0050.05 0.6 1 5 10 15 20 25 30 40 50 75 100

Courtesy of V. Naik - GFDL
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Global aerosol variations: past ancefutaseons

IPCC-ARS5 Total Black Carbon Emissions (Tg/yr)
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AThe true magnitude of the GHG warming is not known as well as climate
forcing/sensitivity

AAerosols will continue to play a role in regional climate change

ARealistic predictions of future climate change depend on climate models able to
accurately represent present climate as well as changes that have occurred over the

Nnact cantiirvy




Distribution: sulphates

A Formed from gases SO, (from fossil fuel
or volcanoes) and DMS (from ocean
algae)

(@) Anthropogenic sulphate production rate (b) Natural sulphate production rate




Distribution: carbonaceous from
anthropogenic sources

A Fossil fuel burning

A Inventories have an uncertainty of a factor
of 2.

q(ﬁ)) Anthropogenic organic matter (e) Anthropogenic black carbon
0. T v v v T 80.0 v T ¥ T
80,0 :" y— 0.0
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0.0 0.0
-30.0 R
60.0 | —-80.0
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Distributions: Biomass burning

ASome biomass burning is natural.

AEpisodic and regional in nature

(d) Natural organic matter
80.0 T T

60.0 ‘_ 3 DR
30.0

0.0
30.0

60.0

90.0
—=180.0

C T a7 I I I I | |
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Distribution: Mineral dust

50% of dust burden due to anthropogenic
sources due to land use change,
overgr%zing etc.

Dust (D<2um)

80.0 [ 4

00 -
-30.0 -

-600 -

-90.0 . .
180.0 120.0 60.0 0.0 60.0 120.0 180.0




TEmissions U n Ce rtal ntl e? IChemical

fProcessing composition
1Chemistry TMixing
fTransport 1Size
{Background Distribution
fNatural
aerosols

Uncertainty
In forcing

Climate
response?

Other components

CLOUDS
Relative
humidity {Transfer

Surface scheme

Wavelengths




Aerosol processes and challenges

Major aerosol properties relevant to their impact on
climate (Us CCSP 2009)
- b AR L : S
SNV e T Different types (sources, emissions,
: \ =< physical and chemical processes,
size)

Short lifetime (up to a week)

Heterogeneity and discontinuity of
sources, varying transport pathways

Aging during transport

Anthropogenic vs. natural aerosols,
scattering vs. absorbing aerosols,




S S, ate, Dust, Sea-salt, and GarBonaceous Agrosols Extinction
- High:Resolution AM3I=5 == 2012:01-01 00:00 . e

p

. dust , seasalt , Paul Ginoux (GFDL/NOAA)



Measuring-aerosoteffectsion«clim

A Measure effect on radiation at top of atmosphere and st

AfiRadi ative eff ect 0Opresenedhyf e
atmosphere

AfiRadi at i v e cHaogesatdenspldn radation e
budgebver a given period of time

Global and annual mean radiative forcing can be relate
a global and annual mean change in surface

temperature usin%
T=1 FD



Aerosols alter the water and energy balanc

Direct Effect (radiation) Indirect Effects (microphysics)

Cloud evaporation

(semtdirect effect; warming

Indirecteffects €ooling: .

Wy Of 2dzR RNBLX SG ydzYo S
AT S AF [2/ NBEYhHiko, Soudabhedk
Wa N}Ay o0& @ O2I1tSaols
, Of 2 dzR 2 indFeStiicloud Sfetime

Absorption
(column warming)

The effects of anthropogenic aerosols on lemave
radiation are relatively minor (except for desert dust)

Differential heating/cooling atmosphere/surfadg vertical stability and convective potential of the
atmosphere”A anomalous circulation with feedbacks wmter & energy cycles

Clouds over the Equatorial Indian Ocean (Feb. 1999; Ramanathan et al. 2001)‘



Doaerasolsdieallytimatterifor

Well Mixed GHG

herasols eond Precurscors Short Lived Gases

Others
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Tlhe%mmclhéllea!jenge

Nitrate

Aerosotslter
atmosphernisurface
heatinggradients,
diabatiteating from
rainfall

ACC:

Aerosolt
Circulation-
Climate
(across scales)

Nitrate

0%
Sea

MODIS AOD (2001 2010), % aerosol types (Myhre et ailf"2013)

1%

1.0

- 00



Presentay-aerasols tmmoedelsS(ASCMIP

AOD at 550 nm

Buigk

0 CEAC DaieITVE:
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Shindell et al. 2013



Fassll & bickuel BC RF

Distibttronf ofdradiativerforcing

A28 Wijen?®

Al serosod direct forcing

s
z
3|
E

All aerasol effective
radiotive forcing

All 3er0s0! RF

All serosol effective
atmospheric forcing
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farcing relative to 1850

All aerosol effectuve radiative

All aerosol effective radiative

Tenporalkyvatiatignzofatadiativeyforcing

1930; 2 models 2000; E mogdels 1.7 Wi
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P o JP R o
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All aerosol effective radiative
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ABERONEIF ABEROsdRaghotiNETwork

AERONET: amptical ground basetosol monitorimgtwork and data archive supported by N/
EOSand expanded mmany other institutiddsenticahutomatisunrskyscanning spectral radiome

owned by national agenciesiandrsities
Total Data (Years): O al Os05 Os1 Os2 O3 Os5 O:7 @510 Os15
AOT Level @ Level1.0 OLevel1s

Datafrom this collaboration provides globdilstributednear real time observations of aerosol

spectral opticallepths aerosol size distributions, ameecipitablevater in diversaerosol regimes
48



India?AERON BT doeations) KanpGeand Gandhi (

Inversion data: size distribution, refractive index, single
scattering albedo, asymmetry factor, extinction optical depth

+ AEROSOL OPTICAL DEPTH + AEROSOL INVERSIONS + SOLAR FLUX + OCEAN COLOR + MARITIME AEROSOL

AEROMNET Data Display Interface Version 2 Inversions

+Home

Site: Kanpur - Additional Site Information

Aerosol Inversions AERONET Level 1.5. Real Time Cloud Screened data.
AEROSOLFLL NETWORES DISCLAIMER  Tpe following AERONET data are automatically cloud cleared but may not have final
v calibration applied. These data are not Quality Assured.
+ CAMPAIGNS The principal investigator(s) of the ‘Kanpur’ site: Operational Time at 'Kanpur' Site
Brent Holben 5168 Days [ 14.150 Years]
+ COLLABORATORS s, N. Tripathi Start Date: 22-JAN-2001" Latest Date: 16-JUL-2016
_DATA [f vou intend to use the following data please contact principal investigator(s) via e-mail:
Brent.N.Holbeni@naza.gov Total Processed Data [Years represent total data eguivalent]
LOGISTICS snt@itk.ac.in Level 1.0 A0D: 4484 Days [ 12285 Yearz]
* Level 1.5 ADD: 4170 Days [ 11.425 Years]
+ NASA PROJECTS Level 2.0 ADD: 3332 Days [ 9.129 Years]
+ OPERATIONS Return to the World Map | Switch to Version 2 Direct Sun | Switch to Version 1 Direct Sun and Inversions
+ PUBLICATIONS
Data Display Controls
+ SITE INFORMATION ilabilk :
AERONET Inversion Data Product: Related Prqduct Availability for llfﬂll‘l.pllr (select each qW below):
T ® Back Trajectory Analyses - Availability - More Information
+ STAFF ai'.r In Rea) ® NPLNET Images - Availability - More Information
; . ® Show TERRA-MODIS | AQUA-NODIS Rapid R I - Availability - M
+ SYSTEM DESCRIPTION Refractive ndex (Imaginary) Inversion Level (2016): ® Level15 o | apid Response mages - Avaiabifty - fore
Absorption Optical Depth v * LandSatImage
AERONET DATA ACCESS ® izible Satelite Images (Check Avaiability) - More Information

SELECT CHARTS FOR LARGER IMAGES ® Infrared Satelite Images (Check Availabilty) - More Information

—_————_———————

DATA SYNERGY TOOL




DICCM3/evaluatic

CM3_all forc 2000-2004

Global=0.15 Ocean=0.14

MAM

90N
60N
SoN A With updated optical properties, new
° emission inventories, and new physics,
30S . . .
o CM3 simulates the AOD with spatial
008 distribution in agreement with MODIS an
MISR
qony 20T MISR (2000-2006)  Oceap=0.16
60N 55 ‘ : == A CM3 underestimates AOD in polar regior
30N -
. A Larger errors are located over land (e.g.,
30S over industrialized countries in the
60S midlatitudes)
90S | , : : , . : : : : : : |
180W 120w 60w 0 60E 120E 180E
\ Global=0.16 _ ~ MODIS (2000-2006) _Ocean=0.15,
90 , N

60N
30N

0
30S
60S o
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180W  120W 60W 0 60E 120E 180E
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CMa3 aerosols compared to surface observe
(CM3AERONET)/AERONED002004)

AOD (550 nm) s e T Coalbedo a measure of aerosol absorption
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ASGONET (440nm)
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AOD: within +25% of AERONET, ~+50% over US East GpAast 58 Karour
(—~50% over Megaities, e.g. Bangkok) _ ., 2643N, 5)0-.33? L

1-SSA: slightly overestimated, but within a factgbat
CM3 is at 550nm, AERONET at 440nm: + bias in bb regions
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Winter and spring (summer) AOD at Kanpur
underestimated (overestimated): dust, BC
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Difterenttemporalivaiiabibty incaerasalrem

Emissions (Gg SO,)

Global Anthropogenic SO, Emissions
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What is the impact of the emission shift?



A contrasting pattern of aerosol
changes

Changes in anthropogenic  aerosols between 2000 #01 and 2008 09
(Chin et al. 2014)



