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atmospheric chemistry, Daniel Jacob, 1999]
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Model as the central analytical tool to address
key challenges in understanding the science
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http://www-as.harvard.edu/chemistry/trop/news.html
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.Wind detrainment of i
direct; pollutants aloft I . .

A

#&'}%Eﬁg’ﬂﬁ = HEBR (emission)+4k&E(chemical production)—4b&4iC
(chemical loss)—#iFEHKf(deposition)+FrE L F K EEE(net fluxes
through th® boundaries)
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Mass balance (or “continuity”) equation for [X](x,t)

A _e _veuxp+p, -L,

* 7 ! N
s ‘\ f deposition
emission transport

local change in . _
concentration (flux divergence; | chemical production and loss
with time U is wind vector) | (depends on concentrations
of other species)

[ ] i1s our general notation for concentration, with three
different measures:
1. Mixing ratio (or mole fraction)
2. Number density, mass concentration
3. Partial pressure
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Gradient operator in Cartesian-altitude coordinates

V—iﬁ+‘£+k2
Ve T Ve

Dot product of gradient operator with velocity vector

Divergence term

Veyv (ia+'8+kajo(i +jv+kw) u v, o

=|i—+j—+k— u+jv+kw)=—+—+—
Ox JQV Oz ) ox Oy Oz
iei=1 je j=1 kek=1

iej=0 iek=0 je k=0



i AR B E R

cC  oC
ot Ox
WEMRAEX:
® Accuracy (HRf)
® Stability (F2ZE)
@ Mass conservation (JRE=EF(E)
® Positivity (IE[@)

HEMOREERMA

Introduce Courant number for stability:

c=ulx/ At




Classic schemes of the advective form

® Taylor expansion in space

0C,, Ax* 6°C,, LA 0°C,,

C.. =C +tAx—"+ + + ...
L o Ox 2 ox° 6 oOx
> C,,,—C
oo ML O(Ax)  (forward)
ox Ax
oC Cf r Cz‘—l
— = +O(Ax) (backward)
ox Ax
oc C ;

. i+l (".r'—l 2
— = +O(Ax") (centered)
ox 2Ax



Classic schemes of the advective form

os [ @ anaitical | @ [Forward Euler scheme
-— — — Numerical |
06 f 1 @ Leapfrog scheme
T | @ Lax-Wendroff scheme
0.2
o Loty ® Upstream scheme
02 ® Semi-Lagrangian scheme
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XEPRBEATIN AR

“The chemistry of the troposphere is mainly that of a large number of
atmospheric constituents and of their reactions with molecular
oxygen...Methane and CO are chemically quite inert in the troposphere”
[Cadle and Allen, Atmospheric Photochemistry, Science, 1970]

« Lifetime of CO estimated at 2.7 years (removal by soil) leads to concern
about global CO pollution from increasing car emissions [Robbins and
Robbins, Sources, Abundance, and Fate of Gaseous Atmospheric
Pollutants, SRI report, 1967]

FIRST BREAKTHROUGH:

* Measurements of cosmogenic “CO place a constraint of ~ 0.1 yr on the
tropospheric lifetime of CO [Weinstock, Science, 1969]

SECOND BREAKTHROUGH:

» Tropospheric OH ~1x10° cm-3 predicted from O(*D)+H,0, results in
tropospheric lifetimes of ~0.1 yr for CO and ~2 yr for CH, [Levy, Science,
1971, J. Geophys. Res. 1973]

THIRD BREAKTHROUGH:

* Methylchlroform observations provide indirect evidence for OH at levels of
2-5x10° cm=3 [Singh, Geophys. Res. Lett. 1977]

...but direct measurements of tropospheric OH had to wait until the 1990s



OZONE PRODUCTION IN TROPOSPHERE
Photochemical oxidation of CO and volatile organic compounds (VOCs)
catalyzed by hydrogen oxide radicals (HO,)

In the presence of nitrogen oxide radicals (NO,)

HO, = H + OH + HO, + RO + RO,
NO, = NO + NO,

OH can also add to

Oxidation of CO: Oxidation of VOC: double bonds of
CO+0OH —CO, +H RH +OH — R+ H,O *— unsaturated VOCs
H+0,+M — HO, + M R+0,+M ->RO,+M . ..

HO, + NO — OH + NO, RO, + NO - RO+ NO, decompose or

Isomerize; range of
NO, +hv - NO+O NO, + hy —235NO + 0O, carbonyl products
0+0,+M -0, +M RO+0, - R' CHO+HOZ<—'

Net: CO +20, - CO, + 0, HO, + NO — OH + NO,
Net: RH +40, - R'CHO +20, + H,O

Carbonyl products can react with OH to produce
additional ozone, or photolyze to generate more
HO, radicals (branching reaction)




RADICAL CYCLE CONTROLLING
TROPOSPHERIC OH
AND OZONE CONCENTRATIONS

\\J:;
03
STRATOSPHERE :
8-18 km = = = ..- ________________________

TROPOSPHERE i
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Deposition

SURFACE
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No+03 — N02+Oz
Rate] = k1[NOJO3]
b-+02+M —p O3 + M
Ratey = kp[0] 02 [M]
NO, + hv —» NO + O
Rate3 = J[NOz]
NO, + 0 —p NO+ O,
Rate4 = k3[NO» JO]
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ODEs For Set of Reactions

d|NO

- P, — L. = Rate3 + Rate4 — Rate) =J [N02 ]+ k3 [N02 IO] —h [NO][O3 ]

d|NO
ide] = P. — L. = Rate] — Rate3 —Rateq = i [NO][O3 ]— J[N02 ]—k3[NO2 IO]

g(% = F. — L. = Rate3 — Ratep —Rateq =J [NOz ]— ky [OIOZ ][M] — k3 [N02 ][O]

ﬂ(%] = P, — L. = Ratey — Rate] =k [O][02 [M]- 4 [NOJO3 ]
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PAN rate coefficient as a function of pressure and temperature,
respectively
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Chemistry Operator

® In each model grid, for a single species

Er.’}i:P'—.JL'
at

® For p chemically interacting species, p
coupled ODEs (p typically on the order of
100)

dn, —I(u
E_H(“) L:'{)

® Sitiff equation system (R4 5 FE)



Stiff System of Equations

Example:

k =6.2 x 10 ¢cm? molec! s1 at 298K
[OH-] = 5.0 x 10°> molec. cm™

1
>

TCH, = = 10.2 years
kE)H]

O('D) + N, -> O + N,

k =2.6 x 1011 cm?3 molec! st at 298K
IN,] =1.9x 10" molec. cm™

> TQCD)Z k[lilz] =2 x 10” seconds

---> stiff set of equations
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Solve continuity equation
for ind‘ividual gridboxes * Models can presently

afford ~ 10°gridboxes

y L | * In global models, this
Implies a horizontal
resolution of 100-500
km in horizontal and ~ 1
km in vertical

o 2a |

* Drawbacks:
“numerical diffusion”,
computational expense




Nested-grid GEOS-Chem chemical
transport model developed at CESS

B Chemical transport model (CTM)
s = driven by assimilated meteorological

4 o
Ty T .

; ! ; B B Used by 30 groups around the
30N [ S \/Crd; centrally managed at Harvard

NN B State-of-the-art chemistry: NOx-
E:gayﬂ-—-_anOC O3, gas-aerosol coupling, SOA,

M TP T e

ml'g{%}“‘ BC, dust, Hg, CH4, CO,, SF6, etc

|-.ﬂ|mﬂ

!HHI“F"& Nrey
1LJE;'EBI LS

"ﬂ{‘ll\ \LJ T 59
_.mmjlgl Used by NASA to drive global
._z:%gg;gchemlcal data assimilation
R iR

.

Hﬂig’ﬂiﬂiﬂﬁlﬁﬂﬂlﬂ

i S
HILIII:MUE‘MI

b Interfaced with GISS GCM for study

EEh S [ e
BNl of chemistry-climate interactions
mmmmmwmn.._.._.

:;‘“ ™ Wang et al., JGR, 2004;

- _llﬂﬂlﬂnﬂﬂﬂﬂ“mﬂnﬂd&ﬂﬂl-lﬂm U
e e P e S e e

i

Chen, Wang, et al., ACP, 2009
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TWO MODES OF INTERCONTINENTAL INFLUENCE

 Direct intercontinental transport: fast (~1 week) transport from source to receptor
continent; either by boundary layer advection or by lifting to lower free
troposphere followed by subsidence

« Hemispheric pollution: pollution mixes in free troposphere, affecting free
tropospheric background, in turn affecting surface concentrations by subsidence

HTAP, 2011


http://www-as.harvard.edu/chemistry/trop/news.html
http://www-as.harvard.edu/chemistry/trop/news.html
http://www-as.harvard.edu/chemistry/trop/news.html

Source contributions to
Intercontinental transport

e Source attribution (S/A): contribution of a
particular source to the absolute concentrations
at a given location

« Source-receptor relationship (S/R): the relative
extent to which concentrations at a specific
location change when a particular source is
perturbed in an arbitrary manner

 The two approaches give similar results for inert
tracers, but different results for reactive species
such as ozone



Model methods to quantify
Intercontinental transport

Emission sensitivity approach: standard ‘control’
run and ‘perturbation’ run.

Tagged tracer method: each tracer tagged by its
source region and representing the contribution
of that source region

Tagged ozone method: simple; domain-based
rather than source-based; not reflecting the
contribution of precursor emissions from a given
source region

Typically, the sum of the fractional contribution of
all tagged tracers does not equal unity
(depending on the advection algorithm of the
model)



Coordinated Model Studies: HTAP as an

example

. No. of
Model Study Brief Description Participants
Sensitivity study with 20% changes to anthropogenic emissions
SR: Source-receptor studies | over four major source regions i 2001 to quantify source- 32
receptor relationships
TP: Tracer process studies Repeat Df_ SE with spemﬂed emissions and staﬂ_dﬂrdued tracers to 75
explore differences in model transport and mixing processes
_ . ] Explore model ability to reproduce specific intercontinental
ES: Event Simulations transport events observed during the ICARTT campaign in 2004 !
_ .y . Repeat of SR under different scenarios for future emuissions n
FE: Future emussions studies | 5434 p ~pg 5) and 2050 (RCP2.6) conditions 4
FC- Future climate studies Eepeat of SE under different climate conditions corresponding to 3

present-dav and 2100 SEES-A2 climates

HTAP, 2011
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Surface Ozone (ppbv)
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Model’s ability in simulating ozone:

mean concentrations
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Tropospheric Burden /Tg

Source Attribution

Global Tropospheric Burden

I Aoaihropogenic
N Matural Sources
N Strawsphen:

1850 2000

{}3 Mixing Ratio /ppbv

20

=

Surface O, in HTAP Regions

Anthropogenic (remonal sources)
B  Aothropogenc (imnsporied)
S Matural Souces
EE  Siraiocphere

1850 2000



S/R: 20% emission perturbation

Receptor Region

Source Region NA EU EA SA
Annual mean decrease
NA 1.04(1.03)=0.23  0.37(0.37)20.10  0.22(0.24)£0.05  0.17(0.19)+0.04
EU 0.19(0.18)x£0.06 0.82(0.68)=0.29  0.24(0.24)+0.08 0.24(0.25)+0.05
EA 0.22(0.23)x0.06 0.17(0.17)£0.05 0.91(0.86)=0.23  0.17(0.17)+£0.05
SA 0.07(0.07)=0.03  0.07(0.07)=0.03  0.14(0.13)+0.03 1.26(1.18)+£0.26
Relative annual intercontinental response
0.32 0.43 0.40 0.32

HTAP, 2011



Seasonal

response

N. America Europe South Asia East Asia Arctic
I,:,,'_|1|r1| T T 1T T | I N B | T r 1 T T rrrjrrrrrr1 T T 1 T | I B |
T} ALL NA LI EA
1k . dl- 4 -
(LR
':]-6'_ __%__ . |
0.4 | - /f\\_./—-" H+ -
0 TR T I T e ™= s 1 L T i — il | | I L L I | I T L | B e T U,

1 23456T7T29101112 1234567 821000112 1234567910112 123456T7T89101112 1234567 29I101112

HTAP, 2011
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PM, . component, Black Carbon ——

warming agent
Emission and deposition are key processes for BC

® China contributes 25% of
global BC emissions

B 1.3Tgin19951.1-1.5Tgin
2000, 1.8 Tg in 2006

® All BC inventories have
high uncertainty over China

B Bottom-up emission
Inventories reported
uncertainties ranging from

187% to 484% in China (Street
et al., 2003; Zhang et al., 2009; Lei
et al., 2011)

D
0.1 0.2 05 1

2 A

Bond et al 2004



Surface observations can constrain BC

emissions, but results depend on obs/model

Surface observations

’ e,
L]
T T T T

GISS model simulation

Koch et al.,
ACP, 2009

: : Temporal Model Conclusion on
Site location ) . o
resolution resolution emissions
Koch et al., o Underestimated
ACP. 2009 16 rural/urban Annual mean 4X5 by 50%
Kondo et al., 1 coastal Accuracy
JGR, 2011  outside China nourly mean — 81X81km within 30%
Fu et al., ACP, o Underestimated
2012 10 rural Monthly mean 0.5X0.667 at least by 60%
Wangetal., 18 rural/selected Annual mean 2X25° emi;:sr;:)nnessﬁeed
ACP, 2011 urban '

to be doubled



Can we reconcile the different conclusions?

Need careful analysis of model and observation

® Emission data are not the only source of
model/observation differences

v' Representativeness of observations
v Grid resolution

v Removal processes (wet deposition)
v' Chemistry

v Transport

36



Hourly and monthly BC observations at five

rural sites in China

Simulated annual-mean surface BC and previous rural observations
(Wang YX et al., 2011; Han et al., 2004; Zhou et al., 2006; Cao et al., 2008)

29°N

A0°N [

35N |

15°N

50°N |\l

45N [ fd

(Center China, CC)

30°N B Do

fyun, MY !
hina PlainHCP)

Ga&-lanshan, GLS

10.00

8.33

6.67

| 5.00

g m

| 3.33

| 1.67

0.00



Model results compared with Tsinghua’s

continuous BC observations

15'::).1':; Miyun
g \ Obs: 2.05 ug m3
Es— . | Mod: 1.88 pg m=3
i | T uRm . " ﬁ I 2 —
1 1A i I l,‘M. AL f all R2=0.37
04:‘01 05}02 06}02 07:‘03 08}03 09}03 1 0}04 1 1}04
Date (2010)
—0Ob .
ol —mas  Chongming
g d Obs: 1.09 pg m3
o 67
S Mod: 1.11 pg m-3
m
. R2=10.36
o
04.:'01 05}02 06:‘02 0?}03 08:’03 09}03 10}04

Date (2010)



Careful data selection to minimize model

error and observation’s representation error

Model bias due to resolution BC/CO Vs preC|p|tat|0n

B e obs (a) MY ]

o = [ ) :

Q1 2 8 Model underestimate 1

- S 4L wetremoval of BC!

2 3 .l
4_
O S I
* % 2F

AP=0 0=<AP<1 AP>{

BC Observations Al
- - Accumulated Precipitation, mm



Careful data selection to minimize model

error and observation’s representation error

Model bias due to resolution BC/CO vs preC|p|tat|on
p m = 2 obs (a) MY
5 0 - g 10f T Mod
T = [ )
- 2 8 Model underestimat
8 2 s wetremoval of BC!
g 3 |
4_

O g :

£ % 2-—

BC Observations AP=0 0=<AP<1 AP>{

Data selection method Estimated emission Estimated emission
bias at Miyun bias at Chongming

Monthly-mean data

Hourly data (no screening)

Exclude high points (<5%)

Exclude large
precipitation events
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Is China currently on the right path to

mitigate air pollution?

O China’s long-term efforts to curb SO, emissions
— proved success during the 11" FYP (2005-
2010)

O Emission control target in the 12t FYP (2011-
2015):

€ Continuation of SO, emission control: a 8%
reduction

€ NOXx control target for the first time: a 10%
reduction

42



Sulfate-nitrate-ammonia (SNA) aerosols

are important components in PM

Secondary inorganic aerosols (sulfate, nitrate, ammonium)

account for 30% ~ 60% of PM, . mass in China!

B Others ® Others B Dthers

B Jthers
Lanthou(124.8 in 2005-20086)._

Tao, 2009 et Feng et al, 2007

ShA ‘ B140C
T BEC
W Crustal ~
‘ N o
W Others B Cthers

.hml'.143 6 in 2006-2007)
ang etal 2008

HWan{PMy, 127.3 In 2007-2008)
shenet al, 2010

. — ," 4 al X = 1 \ . -
— = = ~ :
. - . i
1 g -, ¥ ! 1:, .') \\ '_ b -
A0 o ! m140C
& - Y NI b
mEC e ) } WEC
- — AT ] \
sha, e—{5* 4 ; S
\ E - J

M Other ] - m Others

e ! s A

Chengdu(156 in 2002 winter) i ] i = Shanghai(c0 in 1999-2000)
wvang et al, 2004 - N Yeetal 2003
=1400 3 L0
‘ mEC __— . “ mEC
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Sulfate-nitrate-ammonia (SNA) aerosols

are important components in PM

Secondary inorganic aerosols (sulfate, nitrate, ammonium)

account for 30% ~ 60% of PM, . mass In China!
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Chinese Emissions of SO,, NO,, NH,

k tons
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Will sulfate-nitrate-ammonia aerosols

decrease in 20157
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Will sulfate-nitrate-ammonia aerosols

decrease In 20157
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reducing SNA over parts of China
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Will sulfate-nitrate-ammonia aerosols
decrease in 20157
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Sensitivity of SNA aerosols in 2015 to NHj,

emissions

What if NH; emissions increase in 20157 A likely scenario.

2006 ——> 2015 Adding +16% NH,

SOZ '16% . .
SNA increase 2006 2015 More nitrate increase
NO, +16% , , ( ) — : .

NH, +16%

Large Sensitivity

|
to NH;!
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H s [ N
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Policy Implications: If not controlling NH; emissions in the

future, the benefit of SO, reduction on SNA will be completely
offset over all of China due to the significant increase of nitrate.

Wang YX, Zhang QQ, et al., ACP, under review
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Pollutants as Short-Lived Climate Forcers

1.6

0409 S| CFs

o

o
o1

Global Mean Radiative Forcing (W/m 2)
o
()]

CO, CH, BC O; nitrate OC sulfate Cloud

Indirect
Effect

1
_

(Adapted from IPCC Synthesis Report, 2007; as well as
Ramanathan and Carmichael, 2008)



AEROSOL “INDIRECT EFFECT” FROM CLOUD
CHANGES

) Y00,
Oc @ % 2o.
© @ ®
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@@ © ©
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© ©
clean cloud (few particles): polluted cloud (many particles):
large cloud droplets small cloud droplets
~*lowalbedo » high albedo
- efficient precipitation * suppressed precipitation




EVIDENCE OF INDIRECT EFFECT:
SHIP TRACKS

N ~100 cm3
. W~0.75gm3
re ~10.5 um

) ) .. _ from D. Rosenfeld _
¢ Particles emitted by ships increase concentration of cloud condensation nuclei

(CCN)

¢ Increased CCN increase concentration of cloud droplets and reduce their avg.
size

e Increased concentration and smaller particles reduce production of drizzle

e Liquid water content increases because loss of drizzle particles is suppressed
e Clouds are optically thicker and brighter along ship track



fTahIe 1. Overview of the different aerosol indirect effects.®

Sign of the
Radiative
Effect Cloud Type Description Forcing
First indirect aerosol All clouds For the same cloud water or ice content more but smaller MNegative
effect [cloud albedo or cloud particles reflect more solar radiation
Twomey effect)
Second indirect aerosol Warm clouds Smaller cloud droplets decrease the precipitation efficiency MNegative
effect [cloud lifetime or thereby prolonging cloud lifetime
Albrecht effect)
Semi-direct effect Warm clouds Absorption of solar radiation by soot leads to an evaporation Positive
of cloud droplets
Glaciation indirect effect Mixed-phase An increase in ice nuclel increases the precipitation efficiency Positive
clouds
Thermodynamic effect Mixed-phase Smaller cloud droplets inhibit freezing causing supercooled Unknown
clouds droplets to extend to colder temperatures
Surface energy All clouds The aerosol induced increase in cloud optical thickness MNegative

budget effect

decreases the amount of solar radiation reaching the
surface, changing the surface energy budget

-

IPCC, 2001




Development of grid-independent GEOS-Chem model

Grid-independent Transport
GEOS-Chem (GCM or other)
At
n(t) —— — jL»% n(t + At)
dn. on
F’(ﬂ) L;(n) —=-VenU
dt ot

o Grid-independent model computes chemical updates on any grid to pass on
to a GCM

o Allows flexible coupling to different dynamical cores for data assimilation,
climate modeling

o Presently developed for coupling with NASA GEOS data assimilation system
using ESMF interface

o Facilitates massively parallel implementation through MPI

o Has been developed as part of the standard GEOS-Chem model; will
eventually replace standard model in a way transparent to users

Courtesy of D. Jacob
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