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Background

< Air quality problems, such as the urban smog, aerosols,
dusts, and acid rain, can affect human health, ecological
environment, agriculture, businesses and climate.

< Air quality 1s related to many aspects of the earth
environment and living beings on the Earth.

< One particular aspect that has been much emphasized in

the increased evidence 1s
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Tropospheric ozone

< Tropospheric ozone 1s a major photochemical pollutant.

< It 1s harmful to human health, agriculture and buildings.

< High ozone concentrations in the lower troposphere 1s one
of the most important issues of air quality.

< Tropospheric ozone also plays an important role in climate
change as a greenhouse gas.

< Global-scale modeling studies estimated the global annual
mean radiative forcing due to tropospheric ozone to be 0.2

~ (.55 w/m? (eg. De Froster et al., 1996; Portmann et al., 1997;
Haywood et al., 1998).
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Resear ch Objectives

<« Toperform air quality modeling with climate model

< Simulate tropospheric ozone distribution and transport
accurately at the regional scale

< TolInvestigate the impacts of tropospheric chemistry
on climate modeling

< Should chemistry be included in regional climate modeling?

<+ TolInvestigatetheregional climatic impacts of

tropospheric ozone

< Direct radiative forcing and warming effects

< Influence on atmospheric stratification and the regional
atmospheric dynamics




Approach

<+ Development of a coupled climate-chemistry
model at the regional scale that is capable of regional
weather/climate forecasts and of describing the evolution
of tropospheric ozone.

< Considerations of the interactions between tropospheric
ozone and regional weather/climate.

< Model validation and evaluation with a case study.

< Regional climatic impact analyses with numerical

simulation results.




Off-line and On-line Modeling

Using archived meteorological » Using dynamic fields generated
data from historical weather data from the imbedded meteorological
or another model as the input to model as the input to the photo-
the photochemical model. chemical model.

Only a fraction of meteorology » All meteorological information is
information 1s available and available at each time step.
interpretation is necessary. Chemistry feedback can be

incompatibility. modeling.

No interaction between Requires extensive computation
meteorology and chemi esource

Efficient in computation. Integration must be comprehensive

Easier to operate. Recommended in recent reviews and research.
[eg. Byun and Ching, 1999; Seaman, 2000]
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Processes in Photochemical Pollution

ATMOSPHERIC
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(Fowler,1999)




Model Descriptions

< Coupled climate-chemistry model PRCCM
(Purdue Regional Climate and Chemistry Model)

< Atmospheric modeling - a regional-scale climate

model that 1s based on the PRCM (Purdue
Regional Climate Model)

< Photochemical Modeling

< Climate-Chemistry Interactions




Purdue Regional Climate and Chemistry Model (PRCCM, Yang, 2004)
Atmospheric M odel

M eteor ology Dynamics Radiation M odel

Atmospheric dynamic pammmd Radiation fluxes, tive heating rate

& thermodynamics fields = f(clouds, aerosol§, 0;)CO,, H,0, T, P)
Photolysis rabe=¢alculations

Transport Module VIR Photochemical Chemistry
Advection, diffusion Chemical Transformation

Deposition Module
Dry deposition

Emission Module

(Gridded area and point-source
emissions: such as NO, and VOCs)

Photochemical Module
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Photochemical M odule

- SAPRC97 (Carter,

1995, 1997)

» 184 reactions and 76 species

« 39 speciesaretreated as “state species’ , 33 aretreated
asradicals, and 4 aretreated as constants (water vapor,

CH,, O,and air).

M odified |EH (Implicit-

Explicit Hybrid)

« Modified radiation model in the PRCM calculates

photolysisrateswith an empirical parameterization
scheme




Coupling: climate-chemistry interactions

L5tk (50 A%
gir \ Oty \dt) o LIt chemistry

dep
— — —

Tracer transport

hotochemist
with atmospheric modeling P -

In the lower 15 model layers, photochemistry, chemical tracer
ransport and the radiative feedback of tropospheric ozone are
performed with the atmospheric modeling processes.

. o . . . .
N E a (Y AYATS A = NEe NNNOLO Netr Y a a 11N O
Cl Ch Y v, J V -

photolysis rates and takes account for the radiative effects of
tropospheric ozone in atmospheric modeling.
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Model Validation: Case Study

< Modeling time period: July 16~22, 1998
< Model domain (Based on the Eastern-Unified Grids)

< Emission Data: EPA NET99 and biogenic emissions
(provided by the Lake Michigan Air Director Consortium)

< Surface-level and aircraft measurements of

tropospheric ozone are available for comparison.




Model Domains

Domain #1:

79x68 grid points
with 36km resolution

Domain #2:

102x111 grid points
with 12km resolution

28 vertical levels

soil 4 layers




Emissions

Low-level NOx Emissions (Tons/day) BEIS2 Modeled Hourly Isoprene
Concentrations(ppb)

won 0.048 s 0.111
w0540 e 1.458 tons/day




Model Setup

Case 1: Chemistry-free control run for domain#1
Case 2: Chemistry-free control run for domain#2
Case 3: Interactive climate-chemistry (Yang, 2004) run for domain#2

< Time steps: 100 seconds and 30 seconds in atmospheric
modeling for domain #1 and #2, respectively.

< Photochemistry 1s calculated every 10 minutes with photolysis

< Emissions are added every 1.5 minutes.

computational time 1s spent in photochemical modeling.
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Model Results

<« Atmospheric variables from chemistry-free
control run results

< Tropospheric ozone:
< Surface-level Ozone

< Aloft ozone

< Improvement of climate-chemistry modeling

< Climatic impact analyses




Chemistry-free Control Run Results

ECMWF weekly mean PRCM weekly mean

850mb Air Temperature Field (K) 850mb Air Temperature Field (K)

during July 16-22 episodic simulation during July 16-22 episodic simulation
= 'l’ ] e = ‘.-




Chemistry-fee Control Run Results (cont.)

ECMWEF weekly mean PRCM weekly mean
850mb Wind Field (m/s) 850mb Wind Field (m/s)
during July 16-22 episodic simulation

3. = Vg .




PRCM Moded Evaluation

(No chemistry)

surface Air Temperature (K)
Surface Wind (m s 1)

Surface Water Vapor(kg kg 1)
B50mb Air Temperature (K)
850mb Wind (m s 1)

850mb Water Vapor(kg kg 1)

Episodic sitnulation during

July 16 - 22,1998

Episodic simnulation during

July 16 -~ 22,1998

Model Bias
1.49 - 2.39
-0.710~-1.12
3.61E-03 ~ 4.62E-03
0.355 ~ 0.807
-0.228 ~ 0.967

9.94E-04 ~ 1.66E-03

Mean
1.73
-0.931
4.19E-03
0.587
0.177

1.22E-03

COR Mean

(.79 ~ (.88 0.84

0.47 ~ 0.77 0.63
0.66
0.96
(.59

0.03

With the

quality assured meteorolog

, One can

hroceed with

photochemical modeling as well as use these chemistry-free
meteorological fields as the

in climatic impact analyses.




PRCCM Surface-level Ozone Prediction

|ndianapolis, IN (86.06 W, 39.79° N, EPA monid: 18-097-0073-44201-1)

Measure and Maodeled Ozone at EPA Monitor #1 809700
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1998 Aircratt Ozone Measurement Mission
(On July 18 ~ 21, 1998)
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Aircraft Measurements vs. PRCCM Modeled Ozone
Comparison M ethodology

1895/7M8 Flights
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Aircraft Measured Ozone vs. Modeled Ozone (7/18/1998)
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Aircraft Measurements vs. PRCCM Modeled Ozone

Aircraft Masured Ozone vs. Modeled Ozone (7/21/1998)
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Measurements vs. PRCCM Modeled Ozone

COR =0.742 COR=0.771
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Coupled Climate-chemistry modeling

| mprovementsin climate/atmospheric modeling with
tropospheric chemistry?

Regional climatic Impacts dueto increased

tropospheric ozone from the photochemical pollution?




Model bias and RMSE against ECMWF

O Climate
PRCM

H Climate-chemistry
PRCCM

m Difference (%)

One unit of
Modeling Biasand RM SE

| mprovement

< >

Negative values Positive values




Air Temperature Predictions

Bias against ECMWF RMSE against ECMWF
O Climate
100 -2.62
PRCM
150 H Climate-chemistry
PRCCM
200 m Difference (%)
250
2.00K
400
500 -3.17
700
o 227

850 .
Improvement

925

166 1.53

1000

mb Mean= - 0.61% Mean= - 0.09%




Atmospheric Moisture Qv Predictions

Bias against ECMWF RMSE against ECMWF

O Climate
PRCM

H Climate-chemistry
PRCCM

100

150

200 m Difference (%)
250

8.00x104
500 2.26

700

850 =N -— s i_
925 0.49 H 4118 _
(LY — O —

mb Mean= - 5.97% Mean= - 0.74%




Atmospheric RH Predictions

Bias against ECMWF RMSE against ECMWF
100 O Climate
PRCM
150 H Climate-chemistry
PRCCM

200 m Difference (%)

e

10%

250
300 -2.39
400
500
700 -2.68
850

925

1000

mb Mean= - 4.90% Mean= - 1.05%




< Analyses are carried out with the modeled meteorological
fields from the interactive climate-chemistry PRCCM run and
from the chemistry-free PRCM control run.

< The only modification in atmospheric modeling processes
from two computer runs is real-time updated tropospheric
ozone in the radiation calculation of the PRCCM.

oo nereiore he di cIrences octween twWo modadcei run results can
be regarded as the impacts due to the increased tropospheric
ozone.

Climatic Impacts= PRCCM results- PRCM results




Mean Daily Peak Surface-level Ozone




Surface Flux Change

(PRCCM run- PRCM control run)
Mean Surface Air temperature (k)
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Surface Flux Change

(PRCCM run- PRCM control run) (PRCCM run- PRCM control run)
Mean Surface Air temperature (k) Mean surface water vapor (kg/kg)
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(PRCCM run- PRCM control run) (PRCCM run- PRCM control run)
Mean Surface wind U comp.(m/s) Mean Surface wind V comp.(m/s)
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Radiation Change at TOA
mean Shortwave up. Radiation (w/m?)
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Air temperature and Q_at 925 mb

(PRCCM run- PRCM control run) (PRCCM run- PRCM control run)
mean Air temperature (k) mean water vapor mixing ratio (kg/kg)
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Domain average= 8.25x10“K Domain average= - 1.18x10°kg/kg




Air temperature and Q, at 850 mb

(PRCCM run- PRCM control run) (PRCCM run- PRCM control run)
mean Air temperature (k) mean water vapor mixing ratio (kg/kg)
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Air temperature and Q_ at 700 mb

(PRCCM run- PRCM control run) (PRCCM run- PRCM control run)
mean Air temperature (k) mean water vapor mixing ratio (kg/kg)
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Vertical Profiles of Temperature and Water Vapor Changes

Air Temperature Change Water Vapor Mixing Ratios Change
vs. [Ozone] Change Vs. [Ozone] Change
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Sengitivitiesto Tropospheric Ozone Changes

Air temperature change (k)

per ppb ozone

Water vapor change (kg kg ™)

per ppb ozone

400 M B
500 M B
/00 MB

-1.31E-02
-6.76E-03
-3.88E-04

7.21E-06
3.09E-06
2.38E-06

850 M B
925 M B
1000 MB

4.51E-04
9.70E-05
2.20E-03

-1.73E-06
-1.39E-06
-6.44E-07
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Summary and Conclusions

+ A regional coupled climate-chemistry model
has been developed.

< On-line tropospheric ozone modeling 1s carried out with quality-
assured meteorology directly from the atmospheric model
including the radiation to drive photochemistry.

<+ The feedback of ozone in lower troposphere 1s considered in
climate modeling processes through its radiative properties.

< A truly interactive climate-chemistry model.

< Model validation and evaluation

< The atmospheric model successfully reproduced the

< Tropospheric ozone predictions are reasonable accurate
compared with surface-level and airborne measurements.




Summary and Conclusions

< Improvements of climate modeling with chemistry

< That implies the necessity to include atmospheric chemistry in
weather/climate modeling processes.

« Strong climatic impacts due to tropospheric ozone

<+ PRCCM results show the uneven climatic impacts at the regional
scale due to a photochemical episode. Strong warming effects
were observed near pollutant areas.

stratification may further influence regional dynamics.
< This coupled mode can bethe future generation of air
Juality maodadel as well as Tate Mmoaedl that aCCour
dynamical, physical and chemical processesin the
atmosphere
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Future Consider ations

< Aecrosols and their interactions with other atmospheric
constituents in atmospheric processes should be included
in future development.

< Many uncertainties remain in the modeling processes. To
name a few, emissions and photolysis as well as chemistry
mechanism to represent atmospheric chemistry.

< Future regional/global climate change studies can benefit
from this kind of coupled climate-chemistry model.




