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Concept: Brute force and DDM
sensitivity: analysis



Emissions, Initial Conditions, A (e.g., Atlanta
Boundary Conditions, etc. Emissions)
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Concentrations Sensitivities

Peak 8-Hour Ozone Concentrations Atlanta 12t & 2nd order HOX scaled to 100%

rale August 17,2000 0:00:00 August 17,2000 0:00:00

o Min= 0042 & (72.4), Max= 0123 &t (10,33) Hene Min= -0.000 af (29,42), Max= 0048 at (30,32)
Check scientific understanding Atmospheric response
Extend beyond observations Control strategies

Forecasting and prediction Source apportionment



Brute force and DDM

Brute-Force Decoupled Direct
Methoed: Methoed:

Run CMAQ separately Solve for local

for each of N sensitivities decoupled
perturbations, and from concentrations,
finite difference from using the same

“‘base case” numerical routines
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Solving the atmospheric diffusion eguation
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and HDDM-35D




DDM Pro & Con

v/ Computationall and
space efficiency
v/ In CMAQ), speed-up is
only ~1/3 because
chemistry: is fast
v/\lery accurate, avoids
nuUmMerical error for
small' A (locall slope)

v Examine nonlinearity
with HDDM

Complex to install

Agueous & aerosol
especially difficult

Must update each time
model changes
Inaccurate for large A

v/ May be addressed with
high-order coefficients




DDM timeline

1970’s 1980’s

Direct method
applied to
nonlinear chemical
reactions

DDM applied to
atmospheric models
(Dunker, 1981, 1984)

Applied to chemical
mechanism uncertainty
analysis (Milford et al., 1989)

1990’s 2000’s

DDM-3D
introduced in CIT .
Extension of

model (Yang et
al., 1997) CMAQ-DDM-3D
to aerosols

Gas-phase (Napelenok)
CMAQ-DDM-3D
(Cohan, 2002)

High-order DDM-3D

URM-DDM-3D developed for gas-
extended to phase (Hakami et
aerosols (Boylan et al., 2003)

al., 2002)



Performance: CMAQ-HDDM-3D



Advantage DDM: Averting numerical error

Brute Force DIDM

Sensitivity of surface ozone to a 1 mol's NO source Sensitivity of surface ozone to a 1 mol/s NO source
emitted into (38,49), Layer b emitted into (38,49), Layer b
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P August 13,2000 18:00:00 August 13,2000 13:00:00
MeNe Min=-0.00012 at (38,50}, Max=0.00102 at (38,48) Min=-0.00001 at (24,35). Max=0.00105 at (38.43)

Note: Bott advection scheme



Sensitivity to domain-wide aNOXx

Brute Force

BF: S5(1) Ozone to aNOx

August 13,2000 0:00:00
Min= -0013 af (31,34) Max= 0029 ai (38,25)

August 13,2000 0:00:00
Min= —0.050 af (31,35), Max=0.000 at (57 64)

DDM

DDM: 5(1) 03 to aNOx

August 13,2000 0:00:00
Min= -0.018 aF (31,34), Max= 0020 at (38,25)

DDM: 5(2) 0zone to aNOx

August 13,2000 0:00:00
Min= —01.052 at (3135), Max= -0.000 at (58,56)

Episode-average 8-hour ozone, 2007 emissions

August 13,2000 0:00:00

Min= -0004 af (31,34) Max= 0001 at (16,11)

DDM - BF: 5(2) Ozone to aNOx

August 13,2000 0:00:00
Min= -0.003 ot (56.7), Max= 0.007 at (58,12)




HDDM performance & nonlinearity

DDM — Brute Force
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For 8-hr ozone, averaged over 12-km domain, Aug. 13-19, 2000 (2007 emissions)



Brute Force CMAQ-DDM-AERO

DDM Sensitivity of SO4 to SO2

{Accumulation Mode)

BF Sensitivity of SO4 to SO2

(Accumulation Mode)

SO, to SO.:

0.0 1 t : 0.0 1
micrograms/mi™3 microgramsimi™3
PAVE July 6,2001 10:00:00 e July 68,2001 10:00:00
Min= -0.1 at (34.22), Max= 12.0 at (43.36) mENE Min= 6.2 at (30,33), Max= 5.2 at(28.16)

DDM Sensitivity of PM2.5 to NH3

(Aiken + Accumulation)

BF Sensitivity of PM2.5 to NH3

(Aiken + Accumulation)

150 &6

e - Sl PV, o NH,
" e N g Fair

6.0

3.0

0.0 1 - 0.0
microgramsfmi=3 micrograms/mr=3
PAVE FAVE

July 6,2001 10:00:00 v July 6,2001 10:00:00
Min= -0.7 at (30,32), Max- 27.4 at (31,15) HeNG Min= -0.3 at (85,34). Max- 35.8 at(31,15)

S. Napelenok, GA Tech




DDM-AERO v. BF performance™

ug/m? Conc. Terpene
Sulfate 7.0 0.1
Nitrate 5.0 0.7
e P P 0.1
Anth. SOA 0.3 0.02
Biog. SOA 70 70
2 20.0 7.0
GOOD FAJR POOR SMALL

*Table shows typical sensitivities of aerosols to domain-wide emissions of selected gases
S. Napelenok, GA Tech



Applications off DDM



_Applications: Taylor Expansions off HDDM-3D

Incremental Control Source
sensitivity strategy apportionment

I f; I - I

First-order sensitivity || Taylor expansion (¢<0)|| Taylor expansion (e=-1)
S() = 9C/oe C = Cy+ eS(1) + 0.5¢25(2) S.C. = S(1)-0.5-S(2)




Ozone isopleths

Atlanta
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August 17, 2000, for domain-wide
Year 2000 emissions (from the method of Hakami et al., 2003)



Sources of

Macon ozone

August 17,2000 0:00:00 August 17,2000 0:00:00
Min= -0.001 at (36,30), Max= 0030 at (38,25) Min= 0000 af (31,34), Max= 0.030 at (36,29)

August 17,2000 0:00:00 ) August 17,2000 0:00:00
Min= 0000 a (47,34), Max= 0046 at (31,33) Min= 0000 (31,32), Max= 0.021 at (40,31)

8-hr ozone, Aug. 17, 2000
(2007 emissions)




Domain-wide V. local
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Macon Monitor
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August 2000 episode; Year 2000 emissions



Impact of ground-level NO, emitted from...

48 km north

| L

August 12,2000 20:00:00
Min= 00021 at (31,36), Max= 0.0003 at (29,30)

August 12,2000 20:00:00

: August 12,2000 20:00:00
Min= -0.0006 at (31,38), Max= 0.0009 at (31,37)

Min= -0.0000 at (38,34), Max= 0.0018 a (21,39)

0.3 ppb
-2.1 ppb

Time-varying Layer 1 emission averaging 1 mol/s;
Ground-level ozone impact at 4 p.m. EDT, 8/12/2000



Marginal Abatement Costs by Region

$20,000 . . .

Q»  Cost-optimization:
Lot Q 0 | Choose options with lowest
" percertage emsson reducton n 8o County marginal cost per impact
until goal is attained or

4 budget constraint reached
S

$10,000

Marginal cost per ton (Year 2000%)

August 17,2000 0:00:00
Min= -0.000 at (29,42 Max= 0,048 at (30,32)

Source-Receptor Response



CMAQ-DDM: Community of users

VOC Relative Reactivities using MIR to MOIR Method

e Geo I‘g la Tec h CMAQ-DDM wiith SAPRCE9
. U ISI EPA . 01 July 1999

H02 July 1999

0003 July 1999
0104 July 1999

‘ W05 July 1999

e Reactivity study
e CMAQ development
e U.C. Berkeley

e NESCAUM

e Argonne National I MH“

L a b O ra to ry ICHO CCHO ACET MEK MEOH OLE1 PHEN ISOP  ETHE ALK3 ALK4 ARO1 ALK2 ALK5 ARO2 ALK1 OLE2 PRD2 RCHO MACR

e CMAS (Carolina (courtesy of Dr. Michelle Mebust)
Environmental Program)

e University of Houston




For more information:

Daniel Cohan

Georgia Environmental Protection Division
(404) 362-4569
Dan_Cohan@dnr.state.ga.us
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