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Emission metrics, especially for BC

Tami C. Bond and Yanju Chen
University of Illinois at Urbana-Champaign
March 4, 2014

1. What we learned from “Bounding-BC”
2. Review of emission metrics
3. Proposal and exploration




Definition of emission metrics

e

Relatlve to CO,

“Purpose Is...to put future climate impacts of unit
emlssmns of compound with different lifetimes and
ffi s.on a common scale.”

ntribution in Bounding-BC
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WHAT WE LEARNED FROM
DUUNDING-DL ...
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“Comprehensive” with regard to climate effects

Aircraft emissions !

-l:‘:_wj; = Hﬁ Ice cloud effects: \a:u'arming orcooling
= fr_:o_njl _BC nucleatiolr::l efl‘ects

2. C"ffﬁud changai;? JE%W ¥ ‘,%ﬂt; T “‘“’C'loud chanzyes
mcom £ _Net warming from BC "“j

var, aha 3“'
mi ﬂleadln to at i‘
", 9 he 5“ nuEIeatlon ef'fectsT, —
Pl LS S8

qumd cloud ef'fecis Net coollng
Cfrom BCalbedo, lifetime, and (ibelis

,1, iR ’r(j 1. Direct forcmgw 4 )

and mixing

BC scavenging and

wet removal by precipitation Surface deposition
of BC by rain *

Intercontinental and regional transport of in ernally

and externally mixed BC-containing partjcies
13 ma lge‘i ....... 2E] JSLIQ W -GL;'T ‘;‘..,-.- ;

Surface warming
by BC depositionto |
mid-latitude snow and ...

Open burning
(savannas On-road cars
and forest and trucks

... to polar'snow
and seaice

Agricultural
burning

Residential

Bond et al. cooking Petrochemical
! and Coke flaring
JGR, 2013. heating A

~— Ship emissions ~—

Sources of black carbon aerosol and co-emitlited species
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Direct forcing (the usual)

E o s’*‘-“{~
: ‘:::ar b;o;?mﬂ of lna.'n‘t'ﬂ\"g “:I‘E‘@
M. 10N leadi toat
O daﬁﬂm‘i‘r‘;’gow‘*
o 3
} | o« w
: Estimate

= Climate forcing terms (Uncertainty range) [LOSU
: N R L L | L L L L L L I L L B I | e L L L L
@) BC direct effects .

Atmosphere : - [ 0.71 (0.08, 1.27) Med
% absorption & scattering Clem— . 1017

Lt 1 1 2 1l . 1l 2 2 2 2 bl 2 0 b a2 1 2 31 21 1
B B ncustrial era —
Climate forcmg (W m'2) - 90% confidence |
0 3 Fossil tuel (0.29)
m £ Biotuel (0.22)
(88 Open buming (0.20))

m Bond et al.,
: JGR, 2013.
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Direct forcing

Estimate
Climate forcing terms (Uncentainty range) |LOSU
il’!‘li[I' Y]Ill!]l'll[‘ll‘il]’li't' ‘III]III
BC direct effects
Atmosphere - ! 0.71(008.1.27) | proy
absorption & scattering N ... 017 :
La 1. 1 3 1 2 3 a0 2 o 0 a0 0 2 o & 0 o 0 2 ¢t 0 2 0 2 r= 1
Industrial er: S—
1.5 1.0 0.5 0 0.5 1.0 5 - e
Climate forcing (W m2) ]m 90% confidence |

|3 Fossil tued (0.29)
|2 Buofual (0.22) ‘
| Open buming (0.20)|

Forcing was assessed to be higher than many
previous estimates.

More absorption in the atmosphere than in
modadels

But this was attributed to higher emissions.
Emission-per-forcing didn’t change much.
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“Indirect” effect

Bond et al.,
JGR, 2013.

Bounding

Aircraft emissions

-
Scattered solar
radiation
I T g o
~ T 'l
l wmze g el
S LS

"
qumd cloud effects: Net cooling i‘)
Cfrom BC albedo, lifetime, and

,_fseml dlrect ef'Fects

bl ﬂ

e cloud effects: \a:varming orcooling
from BC nucleation effects

=

rosol lofting
y convection
s — o e SRS o
oC == G

P Mixed- phase cloud effects. 5
_Net warming fromBC ™

nucleation effects -—
P PN

L;a.—_._' X |

ertical advection (t 21}
and mixing

Metrics | Proposal




What do you

™ mean, “THE" e
indirect effect? ™" 'f(e_c)

but depends on BC
location

Cloud
absorption

(+)
(like burnoff but
including BC in
cloud droplets)

Liquid
Indirect

-)

but small
Mixed
(water-ice)
clouds (+)
Ice

clouds
+/-

US EPA ARCHIVE DOCUMEN

Bounding [ Metrics [ Proposal

BC cloud indirect effects

Climate warming and cooling effects

= Combined liquid cloud effects

SO

D

o ] o ] o
(=] o =] L=
&h n = Lol ha

Semi-direct effects

Divergent region, Stabilizes Increased

BC above cloud atmosphers straloCcumulus clouds
Divergent region, Stabilizes Decreased

BC above cloud atmosphere cumulus clouds

Convergent region,
BC above cloud

Impaort of moisiure

Increased maisture

Convergence
: Cloud haating Decreased low
BC in clo g
C in cloud evaporation clouds
Claoud heating, Decreased high
n aeng :
BC in cloud evaparation clouds
Destabilizas Increased

BC below cloud

. .

atmospheare

NN N

comvective clouds

c g
] O
(%] il

First in

Liquid-cloud effects

direct effect or cloud albedo effect

Increased particle
numiber

>

More CCN

>

Brighter low clouds

Secondary species
coal BC instead of
forming pure particles

L

Fewer CCN

L

Fewer low clouds

Second indirect effect or cloud Ifetime effect

M - . Increasad or
Increased particle More Smaller o ’
LC3]|  |number [ iedar  AE> droplets [> |decreased cioud
lidetirne
- Mixed-phase cloud effects
More large Fewer
MC1] | More v | > ot > | More sedimentation | "> sk
Saluble : Fewear
. IM activity Less More
MC2 coating vy large -
of IN [:)' reduced I::> ice crystals I::> sedmaeantation D cloud
= Ice cloud effects
Hormogen- BC as Fawer and Fasgter High
IC1]| |ecus C>> N iowers| > |iarger cloud | > | sedimen- | [> |clouds
nucleation RH panicles tation reduced
daminates
Heterogenaous BC as IN @ o
niceaton | 0> [increasos | C>|Souer N | More
dominates cloud particles . ) ”
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Summary of cloud effects: net positive

Climate forcing terms

Estimate

(Uncertainty range)

LOSU

BC clc;u& It'rdl'm':t cﬂocu
Combined liquid cloud
(semi-direct, albedo, and lfetime)

BC in cloud droplets
Mixed-phase cloud

ice cloud

T L 4 T T L 4 T Ld L 4 T T L T T T

rSomu-dtoci offect (-0.10 |

B B noustrial era
+ + Pro-industrial ora

o {

T T

02(061,01)

02(-0.1,09)

0.18 (0, 0.36)

00(-04,04)

Low

Second indirect effect or cloud lifetime effect

Smaller
droplets

Increased particle
number

More
CCN

o o

Increased or
decreased cloud

02

lifetime

L Lt 2 o 1 o o 0 o 1 8 o ¢ o B - o ¢ B o ¢ o 1 0 ¢ 1 ¢ ¢ J 0 & ¢ ¢ § 92 4¢3 1
~ Combined liquid cloud effects i . 2
Semi-direct effects Climate forcing (W m<)
Divergent region, D Stabilizes [:> Increased
BC above cloud atmosphere stratocumulus clouds Mixed-phase cloud emnects
Divergent region, Stabilizes Decreased - More IN More large More sedimentation Fewer
[H(; above cloud ] D atmosphere ] [> [cumulus clouds ] ” I:> particles D — ' D clouds
Convergent region, Increased moisture oWe
SD3 P import of moisture Somserins Soluble ) " Fewer More
s D [> el s coating [> :':f;lztég\y C> large [> :'g‘é-"mcnhhon C> cfgut:l
y - of IN ice crystals §
. o sloud heating ecreased low
SD4] | BC in cloud D evaporation D clouds
e Cloud heating Decreased high
SDs BC in cloud O evaporation D clouds
' o Destabilizes Increased
BC below cloud [:> atmosphere [> convective clouds
= ICe cloud eftects
Liquid-cloud effects Homogen- BC as Fewer and Faster High
First indirect effect or cloud albedo effect eous > |INlowers| [> Jtarger cioud | > | sedimen- | (> | clouas
e nucleation RHi panicles tation reduced
nu;nbe;r- s D More CCN D Brighter low clouds dominates
elerogeneous BC as IN T More high
Secondary species nucieation D increases E> SE}“,L\ antation D ,or.(, hlg }
LC2 coat BC instead of [:> Fewer CCN C> Fewer low clouds dominates cloud particles sedimentatio clouds
forming pure particles
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Summary of cloud effects: net positive

Estimate

Climate forcing terms (Uncenainty range) |LOSU
BC cloud indirect effects I—Snmrdvod offect (-0.10)
Combined liquid cloud | il |
(semi-direct, albedo, and lfetime) 02 (061,0.1) Low
BC in cloud droplets }—' { 02(-0.1,09) Vb'f;y
Mixed-phase cloud '—-I — 0.18(0.036) | o
B B ndustrial era

Ice cloud | o | |_: Provindustrial ora 00(-04.04) | YoV
| l 3 2 32 a2 d 2 da d o s g d iy g0 a0 4 o300 0903000 30 309001939934 |

-1.5 -1.0 05 0 05 1.0 1.5 2.0

Climate forcing (W m-2)

Attribution (to particular sources) Is a major problem

Bounding [~ Metrics

Proposal
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Snow-albedo effect

Estimate

Climate forcing terms (Uncertainty range) |[LOSU
Bc snow Yan'd &5 ‘c"e 'e":“'is YYYYYYYYY "[_]'r();y' Y.L,'-q' (01?97) '''''''
|2 Biotuel (0.22)
BC snowpack effective forcing E—| | B8 Open buming (0.20)) 0(;%‘(?0-0”'030’ Med
BC sea ice effective forcing E| e VIS SO L L ow
R a2 ¢ 2 2 1 92 3 E A 4 3 3 0 1 2 5 0 M . [T [ .
-1.5 -1.0 05 0 1.0 1.5 20

Climate forcing (W m-2)

Attribution (to particular sources) Is not TOO hard...

although there is still a lot we don’t know about

lransport

(More distant = More uncertain)

Bounding —={ Metrics [~ Proposal
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Snow-albedo effect

|
_ Estimate

Climate forcing terms (Uncertainty range) |LOSU

— —— 'ana s'ea' |é° .e“. - —r—rr-rrr—er—rer Ty 'Cl'Fo;mI'Me; (0.?9.) Y . .......

: £ Bootual (0.22)

BC snowpack effective forcing E-' @0 Open buming (0.20)| ' Q;%éo;m"oao’ Med
BC sea ice effective forcing| El OSOISIS 009 | o

| T T T T D e | R0 2 2 3 2 0 ¢ 2 2 2 0 38 3§ 9 2 0 ¢ 3 32 3 | 23 2 0 2 3 1

-1.5 -1.0 0.5 0 05 1.0 1.5 20

Climate forcing (W m-2)

Bond et al.,
JGR, 2013.

Surface warming
by BC deposition to
mid-latitude snow and ...

... to polar'snow
\ and seaice

— Ship emissions ~—

Bounding —={ Metrics [~ Proposal
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At last;

Global climate forcing of black carbon and co-emitted species in the industrial era (1750 - 2005)

- Estimate
Climate forcing terms [Uncertainty ramge) |LOSLU
L L L L A AL rgrrrrfrrrrgrrryr 1 v r T
BC direct effects
Atmospherns 0.71(0.08.1.27) | oy
absorption & scattering i 017
BC cloud indirect effects ! [~ Serni-direct efiect (-0.10)
Combined liguid cloud
(semi-direct, albedo, and etime) | | ’l | 02(-061,01) | Low
) |
(B ut th at S N Ot BC in cloud droplets |—= ! 0.2 (0.1, 0.9) ';":“"}"
th - t f Mixed-phase cloud .'—| | orswose | eV
e p O I n O B B \ncusirial era :
. e cloud I- - JI + o Provindustrial ara 0.0 {-0.4, 0.4) ':-I'.!EH:!.'
this talk ST
" BC snow and sea ice effects I Fssil bisd {0.29) I
; . . 1 Bt usal (0,22 I
BC snowpack effective farcing E_| 0 Open buming (0.20)| ! n.;l:lljizn_.l:lu, 0.30) Mad
BC sea ice effective forcing F 0.030 (0.012, 0.06) [

0,006

Total climata farcing
BC only

BC + co-emitted species

1.1 (097, 2.1)
]

|
{BC-rich sources only)
| i i | i | 1 i

-0.06 {-1.45, 1.29)

-1.5 -1.0

0.5 1.0 1.5
limate forcing (W m-2)

0.5

i
1
o
C

20

* Black carbon is the 2" most important climate forcing agent
iIn 2000-2005.
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Cumulative forcing (add selected categories)

¢ | On-road diesel
% — BC - all effects
e — BC, POA, SO, - direct and snow
g + Off-road diesel All effects < 1 year
ol — All aerosol effects
+ Industrial coal W
L Other BG sources T 7 BC forcing positive (+0.33)
Total forcing positive (+0.15)

5| +Residentialcoal |~ |
=
ol VNN ]
8| + Biofuel cooking BC forcing positive (+0.72)
(] . - g
= Total forcing still positive (+0.21)
2 but becoming less certainly so,
o

because of cloud uncertainties

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, : BC forcing positive (+1.01)
Total forcing nearly neutral (-0.06)

because of large OC & its cloud forcing
_____ (note: simple sum differs from BC

Total BC-rich sm median produced by Monte Carlo analysis)
+ Power generation :

Open burning

+ Grasses and woodlands

Remainder of aerosol forcing
is in low-BC categories (total -0.95)
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Cumulative dlobal forcina (W m '2)
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Message:

+ |IF we reduce aerosol concentrations
(which must happen to protect public health)

+ THEN “BC-rich sources” are the most climate-
friendly targets.

+ AND the sources with fewer cloud-active
species are most certain to be climate-friendly.

15
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NOTES ABOUT EMISSION METRICS
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Each pollutant induces different response

Atmospheric

Response to a pulse of emission

lifetime — T<<lyr

Forcing trajectory

follows atmos. 2

concentration

Temperature lags g%

because of = 0.04
E 0.02

Earth’s heat
capacity

1~10 yrs

7>50 yrs

—== forcing x 50

0

0 25 50
Time (years)

75 100

Aerosols,
trop. O,
AN

(CO, NOx, VOC)

0 25 50 75 100
Time (years)

CH,

<)
(CO, NOX,

Challenge || Metrics

VOC)

0

25 50 75 100
Time (years)

Co,

Figure from Bond et al., ACP 11, 1505 (2011)

Proposal

Forcing timescales: eg Wild & Prather, JGR 105, 24647 (2000)17



Each pollutant induces different response

<<l yr 1~10 yrs 1>50 yrs
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Short-lived and long-lived warming have
different sources

Fraction of emission from

3 groups of sources

100%#

80%# -

60%# -

40%#-

20%#

0%# -

BC# SO2#

CHA#

CO2#

B Alltbthertbourcestt

B Openthbiomass#
burning#

B BCYich,#nergy#
related*#

* these are the “BC-rich” source categories
identified in “Bounding-BC,” Bond et al., JGR 2013

Bounding

Metrics

Proposal

Two-thirds of BC
IS assoclated with
<25% of the CO,
and
<10% of SO,
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Global Warming Potential: a review

Basic idea:

How much forcing Is caused by
1kg of substance S

compared with 1kg of CO,?

time horizon

forcing per mass
mass remaining in the
’ / atmosphere at time t
.
- It

after pulse emission of

GWP®(H) = +° 1kg
j‘o .|: COZmCOZ(t)dt
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Global Warming Potential: a review

Basic idea:

How much forcing Is caused by
1kg of substance S

compared with 1kg of CO,?

Absolute Global Warming
Potential for S

GWP®(H) = [LH fsms(t)dt]

[jOH f Cozmcoz(t)dt]

Absolute Global Warming
Potential for CO,
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Global Warming Potential of BC

Time horizon,| AGWP AGWP of GWP
H (yr) of BC CO2 of BC
20 26010 = 13 = 2100

The BC part doesn’t change
...no surprise; it occurs all in 1 year

Units above: W yr/kg
You may also see (W m-2)/(kg yr-1)
| don’t use that here because global average forcing doesn’t exist
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Advocates’ perception

GWP 20 = 2100*

* direct forcing only; values from Bounding-BC
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understand
the importance... but policymakers
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http:dalje.com

Where we stand

+ GWP* has wildly varying values
(despite its wide acceptance)

+ Variation is caused by an arbitrary choice:
the time horizon

+ Meanwhile, GWP misses distinguishing
characteristics of short-lived climate forcers:
Immediate & spatially distinct

* and Global Temperature Potential, too
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ldeal emission metrics would...

+ capture important differences in
atmospheric behavior

+ enable analysis that can achieve climate
targets

+ minimize the “eye-glaze factor”
for non-scientists

+ evolve along with scientific understanding
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How to evolve as understanding grows?

souens|ey Aoljod

Emissions

Y

Atmospheric Concentrations

Y

Radiative Forcing

y

Climate Change

Y

Impacts

Damages

Auiepaosun

ies(?
/of one species(?)

Each step is
location-dependent

1) If you’re modeling
a big leap, save the
steps In between

2) Seek observables
and use them

Image: Meeting Report, IPCC Expert Meeting on the Science of Alternative Metrics

Challenge

Metrics > Proposal
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Proposal: formal separation

<<l yr =10 yrs t>50 yrs

—_

0O 25 50 75 100 0 25 50 75 100 0 25 50 75 100

Time (years) Time (years) Time (years)
Aerosols,
trop. O, CH, CO,
A A
(CO, NOx, VOC) (CO, NOx, VOC)

Integrated forcing (Weyr) is OK for now

but use ratio (like GWP) only when it’s useful or helpful

Challenge [—={ Metrics [—=| Proposal
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Dear GWPg
If | brought you Into this world... can | take you out?

Environ. Sci. Technol. 2005, 39, 5921—-5926

————
Can Reducing Black Carhon
Emissions Counteract Global
Warming?

TAMI C. BOND* AND HAOLIN SUN

Department of Civil and Environmental Engineering,

University of Illinois at Urbana-Champaign,
Urbana, Illinois 61801

(b)

GWRP relative to CO2

6 —— Med BC/Med CO2

10
e B Low BC/High CO,

5. -----
107 P = ] High BC/Low CO,
1
L s e

N
102 o

0.1 1 10 100

Years after emission

Feasibility: Cost and Control

In part due to the scientific arguments against equivalence,
BCreductions have not yet been assessed mthm a framework
similar to that of CO,.

waetiier these requctions mignt be cost-ei v Clinnat
rposes, If BC reductlons are clearly expensive in such a
framework then they are not viable alternatives to GHG
mitigation and should be discussed mainly for their ancillary

AR5, 2013: IPCC reports GWP for SLCF
OK, now we can move on
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Cumulative total anthropogenic CO, emissions from 1870 (GtCO,)
1000 2000 3000 4000 5000 6000 7000 8000
1 1 ) I 1 I 1 I

= The thinking about

| long-term carbon

= commitment Is

g changing, anyway.  :

o

M Peak temperature

< appears proportional

e+ {0 cumulative carbon « o = | |
E e m I SS I O n S " 01 S(IJO 10l00 15100 20;)0 2500
d Cumulative total anthropogenic CO, emissions from 1870 (GtC)

E EQUlvalence on IPCC ARS Fig SPM.10 |

m| emission basis not cee Alen el Natre 456, 1163

9 possible Zickleld o al, PNAS 106, 16175
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Proposal: formal separation

<<l yr 1~10 yrs >50 yrs

I
I \

\

o)
£ )
o2 \
o
L

\

I
I
ob e U

0 25 50 75 100 0 25 50 75 100 0 25 50 75 100
Time (years) Time (years) Time (years)

Almost all | Contribute
forcing occurs within | to peak
near future (25 years) | temperature

Integrated forcing (Weyr) is OK for now
use ratio (like GWP) only when it’s useful or helpful
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Short-term integrated forcing

AGWP(H) = T f°m®(t)dt B

t=0

We really really need forcing-
per-emission values, please!

l

H doesn’_t matter, so

We also need fast responses
(within 1 year), normalized to
emission or forcing, please!

AGWP = | f°m°(t)dt

l

The global average is questionable, so

and you can do this

AGWP = | | £5m®(t)dtdA

surf

for any area, not just
the whole Earth

Now it doesn’t have to be global, doesn’t
have to be warming, and isn’t a potential

(which was the point of dividing by CO2)— I would
rather call it something else
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Short-term integrated forcing by one source

p— :

< Short-term forcing b b data sources,

— . J by Bond et al. ACP 11, 1505, 2011

= a single source _ .

- Multi-model estimates of

@) U‘ J‘ Si S ] forcing in multiple regions

@ 2 Emi T m=(t) dtdA “Bounding-BC” estimate of

] o fast response

L Sum of all the emissions

= weighted by integrated b

T 9 ) y 9 Koch et al. JGR 112, D02205,

o forcing of each 2007

E Single-model estimate of

< Units: TW yr forcing in several regions

(o 8

L (This is pretty standard stuff, - VOC, NOx, CO

7)) except for the separation.) Fry etal. JGR 117, 2012

= Multi-model estimates of
Challenge [—={ Metrics [—=| Proposal forcing from 4 regions 34




Short and longggesingdritansiimilariinmagnitude

Categories from
Bounding-BC

Climate forcing by BC-rich source categories in year 2005

§| On-road diesel F <

Residential

solid fuel.---""
On- and m__-
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First-year and longer-term climate forcing from BC-rich sources
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a) Forcing by source category

On-road diesel —
Off-road diesel :
Industrial coal =
Biotuel cooking

Biotuel heating

[
A
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A
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Residential coal
Agricultural fields L
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Forests [

-
Grasses and woodlands [
.
Other BC sources L1
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Warning 1: Left out uncertainties to achieve graph visibility
Warning 2: Depends on scaling to match atmospheric conc

Incidentally: World energy consumption is ~16 TW yr 35




Mitigation is the difference between measures

Win short Win SM

Win long Win short _.--tose long
No regrets

Bbaseline
B mitigation
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. Lose short
T~ Win long

0S 50S 100S 1505 200$ 2508 3005 3505
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No more ratio, but 1:1 lines maintain context 36




Recommendations

Policy picture:
+ Keep it simple. Short-term and long-term.
+ Provide quick, transparent evaluation of sources.

Scientific additions:

+ Use Integrated forcing over different areas to target
desired climate change

e.g. Absolute Regional Temperature-Change
Potential (shindell, ACP 12, 7955 [2012]; Collins et al., ACP 13, 2471 [2013])
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Recommendations for scientists

+ Keep it simple: [Short+Medium] vs [Long]
+ Keep It updatable
+ Limit use of policy ratios (like GWP)

= Unwarranted confusion

= Apples/oranges comparison hides important aspects
(immediacy, spatial specificity)
+ Fill in the important gaps (spatial differences, cloud
response) by using physical ratios (emission per
forcing or something else)

+ Provide quick, transparent evaluation of sources
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Thanks. And sorry | was late.
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