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Air Quality - Why care?

AIR POLLUTION - THE SILENT KILLER

Air pollution is a major environmental risk to
health. By reducing air pollution levels, countries

Every year, around can reduce:

7 MILLION
ature DEATHS

are due to exposure
from both outdoor
and household air
pollution.

REGIONAL ESTIMATES ACCORDING
TO WHO REGIONAL GROUPINGS:
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Over 2 million

in South-East Asia Region

Over 2 million

in Western Pacific Region

Nearly 1 million

in Africa Region

About 500 000

deaths in Eastern Mediterranean Region

About 500 000

deaths in European Region
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More than 300 000
in the Region of the Americas

CLEAN AIR FOR HEALTH #AirPollution @) tora veatt
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Pollutants

Criteria Pollutants | ieaiq
« Carbon monoxide (CO) All have negative
+ Sulfur dioxide (SO,) 4| health effects and |«
» Nitrogen dioxide (NO,) | are regulated by
* Lead (Pb) the Clean Air Act
 Ozone (O,) in the U.S.
|+ Particulate Matter (PM) /

Frequently one or more of these occur together.
Some share the same sources, some do not.
Some are primary pollutants some secondary, some both.

Industry, Power Plants, Sewage Treatment

Figure: NPS 5
— ‘ Figure Credit NPS
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Ozone Chemistry & Budget
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Ozone Chemistry & Budget

Ozone Isopleth Plot (EKMA Diagram)
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Ozone in the U.S.

8-Hour Ozone Nonattainment Areas (2008 Standard)

Login  Membership  Newsletters  Obil

"THE DENVER PosT
v Lifestyle v Opinion v Politics v  Classifieds v Search

8-hour Ozone Classification
- Exueme News v Sports ¥ Busil v

[ ]severe15

E Serious NEWS ~ ENVIRONMENT
EPA declares Colorado a “serious” violator of federal air quality standards,

Moderate ) . :
(] ' forcing stricter efforts to reduce pollution
l: Margmal Colorado must reduce pollution by 2021

NCAR
UCAR
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Ozone in Colorado

Policy relevant 8-hour Ozone
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Ozone in Colorado

. N Diverse sources of air pollutants
" A « Urban, traffic, oil and gas development, industry,...

» Separated spatially/temporally in some cases,
co-located in others

» Emissions difficult to assess due to variability and

b A e high number of individual sources
* . A G
I '}‘.ﬁg Unique, mountain-driven local meteorology
" CEAN , -
: i ) * Drives local mixing and transport
jwrau?nw”r“—mm‘\m * Recirculation of pollutants
110 50 200 500 1,000 2,000 4,000

* Plenty sunshine and warm summers
A challenge for chemical-transport models

ROMO.LP
ROMO-TR
©  Transect routine
Transect: in park
7] Park boundary
[ Ciies
¢ Wels
I NFRMA

Urban samples
4 BAO
4= PAO
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Needs for Research

» What and where are the
relevant sources?

* How do these emissions get
transported?

 How do they get chemically
processed?

 How much pollution comes
into Colorado?

Which are the best wa
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State of Colorado and NSF FRAPPE
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» What and where are the
relevant sources?

 How do these emissions get
transported?

 How do they get chemically

processed?

, _  How much pollution comes
Pl: James Crawford (NASA ) |nt0 COIOradO?

Which are the best way

Colorado Front Range, Summer 2014
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State of Colorado and NSF FRAPPE
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NASA aircraft: Examine relationships between

remotely-sensed columns, and surface air quality.

* NASA P-3 - repeated vertical sampling during
cloud-free conditions, spirals over six ground
super-sites.

* B-200 and Falcon: higher altitudes to optimize

vertical coverage of remote sensing payloads.
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ey -

Measurement Strategy

NCAR C-130 : Targeted flights to address scientific
objectives based on conditions
* Local, terrain-driven (upslope) air mass chemistry

« Transport, local emissions, and large scale inflow
of pollution

» Outflow into the eastern plains and injection of
polluted air into the free troposphere.
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Ground Sites & Mobile Vans

Measurement Strategy
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= AML Tracks
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¥ WAS Ground Samples

Name
BAO Tower?bc

Chatfield Parkab<
Denver-LaCasa®¢
Fort Collins-West2b<
NREL-Goldenab<

Platteville»b<

Aurora East/DUc
CAMP (Denver)
1-25 Denver®
Niwot Ridge C1b¢
Rocky Flats- N b<
Squaw Mtn b<
Table Mountain®<
Welch

Weld Co. Tower®s
Aspen Park-RTD
Fort Collins-CSU
South BoulderCreek
Welby

Fritz Peak

Squaw Mtn b
Mines Peak
Daniels Park
Golden Gate Fire
North Fork Fire St.
Jackson Res. SP
NCAR Mesa Lab
Briggsdale

Pawnee Buttes
INSTAAR Boulder
Dawson School
Betasso

Sugar Loaf
Coughlin Meadows
Niwot Ridge C1b¢
Niwot Ridge Soddie
Niwot Ridge Saddle

- Rocky Mountain NP4

Rocky Mountain NP
High Alt.
Foothills Lab

Atmospheric Chemistry Observations and Modeling Laboratory

Elev.(m asl)
1580

1676
1601
1572
1833

1523

1802
1594
1587
2886
1803
3492
1687
1743
1484
2477
1525
1671
1556
2681
3492
3797
1978
2452
2323
1361
1862
1481
1600
1610
1562
1981
2396
2530
2880
3359
3527
2743

3545

Measurements

03, NOyy, CO, CO2, CHa, SO, VOCY, N,O, NH;, F
OH reactivity, aerosol param., LIDAR, wind pr:
N,Os, org. acids, RONO,, met, ceilometer
03, NO;, met, VOC, CH4

03, NO,, NOy, SO,, VOC, PM

03, NO,, met, VOC, CH,, TOLnet O3, MPL

03, NOyy, CO, CO;, SO,, CH4, VOC, tethersond
tower, nephelometer, LIDAR, wind profiler,
ceilometer, TOLnet O3

03, NOy, CO, CO,, SO,, CH4,VOCH, wind profi
profiler, radiation

03, met

03, NO,, NO,, SO;, CO, VOC, PM

03, NO,

0;, met

03, NO;, met

03

0;

0;, met

03, NO,, met

0;, met

0;, met

03

03, NO,y, met, SO,, CO

03

03

0;

03

0;

03

03

0;

03

03

03, VOC canisters

03, VOC canisters

03, VOC canisters

03, VOC canisters

03, VOC canisters

0;

03, VOC canisters

03

03, NOyy, SOz, met, VOC, NHs, PANs, HNO3, H>
aerosol composition

0;, met

FTIR integrated Column Measurements



How "typical” was 2014

August 2014 Statewide Average Temperature Ranks August 2014 Statewide Precipitation Ranks
Period: 1895-2014 ) ) Period: 1895-2014

] [ Gl
Average |Avee Above e e Below rd Average

Number of Days with 8-hour

2002 2004 2006 2008 2010 2012 2014 2016 2018
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https://www.epa.gov/outdoor-air-quality-data/air-data-ozone-exceedances

How "typical” was 2014

Daily 8-hour Max Surface Ozone (ppm)
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Mountain-Valley Flows

Nighttime
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sea level

Nighttime drainage winds move cooler air into the | dv..;
low terrain (blue) where it pools within an inversion. | . =

'
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- |Reddy and Pfister, JGR 2016; Pfister et al., JGR, 2017 :
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Mountain-Valley Flows

Daytime
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sea level

Heating of the higher terrain puIIs air and LS A
emissions from the lower terrain up-valley LT e o 3 ,
during late morning and afternoon T A \ North - .

PN

| Reddy and Pflster JGR 2016 Pflster et al., JGR, 2017

NCAR
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Emissions

1 8-hour Ozone
Nonattainment Areas
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Emissions

& Transport
C-130 Ethane (~VOCs) C-130 NO,
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Highest VOCs in Weld County (O&G) | | Highest NO, in Denver urban area
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Emissions
& Transport

NO, Slant Column, 02 August 2014
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Emissions
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% EPA 2017
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EMISSION CONSTRAINTS

Run model with a priori emissions

A 4

Evaluate with aircraft data
* Filter for data when modeled and
observed winds from same sector
» Separate airmasses by chemical
signatures (O&G, mobile)
» Evaluate absolute values & tracer ratios

Model SO NOx (ppbv)
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Emissions
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m EPA 2017
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m Posteriori

EPA 2011

EPA 2014 VOCs (tons/year)
u EPA 2017

Priori
m Posteriori

NCAR
UCAR

EMISSION CONSTRAINTS

Results

* Doubling of all oil and gas
emissions (except for ethane)

* Doubling of mobile emissions
outside of Denver

* Doubling of (mobile) ethyne
emissions

Atmospheric Chemistry Observations and Modeling Laboratory




Source Contributions

Ozone MDAS

What role do the different
emission sectors play?

40N

= Zero-Out Scenarios
Model: WRF-CMAQ

106W 105W
BN | N [

50 60
MDA O, (ppbv)

BEQE Atmospheric Chemistry Observations and Modeling Laboratory



Source Contributions

Ozone MDAS8 NFRMA Anthropogenic Emission Contribution

Local emissions are the major
contributor on high ozone days

40N 40N - o
106W 105W 104W 106W 105W 104W

[ C T T T T

0 4 8 12 16 20 24 28 32 36 40

MDA O, difference (ppbv)

BEQE Atmospheric Chemistry Observations and Modeling Laboratory




Source Contributions

Mobile Contribution

O&G Contribution

Oil & Gas and traffic emissions are the

106W 105W 104W 106W

major sources of ozone pre-cursors

l B

105W

104W

Industrial Contribution

CEM Contribution

| 108w 104w | 106w

Bgﬁs Atmospheric Cherperarar-a— ---*J

MDA O, difference (ppbv)




Source Contributions

Confirm robustness of conclusions

C-130
Measurements

Relative emission
Factors (S0.5)

Measurements adjusted /
reduced
by emission sector

NCAR

p-

/o

(*)

= @’

A

Aircraft
Samples
~

\&C‘ a® Gg//

(NCAR / U. Munich)

\|/\
— P

A Iy

-2 W

- [¢

’

BOXMOX

A

Steady State Model

(NASA LaRC)

/

Base-case calculated
ozone production rates and
ozone concentrations

Difference indicates
emission sector
contribution to ozone
produced

Zero-out-case calculated
ozone production rates and
ozone concentrations

Pfister, Flocke et al., FRAPPE Final Report 2017; Flocke, Pfister et al., JGR, 2020
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Source Contributions

Confirm robustness of conclusions

Weld County: Oil and Gas emission dominated

NEWeld
0
100 =
. BOXMOX
-8_ = - i
£ 90+ g =
o)
s Steady State | &
N " === O3 Weld County MCM v3.3 -
o " — 03 Weld County MOZART T1 Cleld 3
===+ O3 Weld County - O&G reduced —_—) o . .
70~ w w w w w w 1 ’
0 2 4 6 8 10 12 14 o
Hours of continuous sunlight o -
I T
Base PO3 OG

Reduction of ~14 ppb of maximum O&G accounts for over 80% of
ozone with O&G emissions removed ozone production in Weld County
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Ozone Chemistry & VOCs

What is the relevance of individual VOC species to Ozone Production?

Study the role of different VOCs in ozone production
— Use of less reactive VOCs could provide cost-effective policies to reduce ozone

|
J r 5 =3
o, |

Model Diagnostics: 2014-08-12_06:00:00

* Integrated Reaction Rate Analysis (IRR): 3D
output of individual gas phase reaction rates

* Chemical Tendencies: difference in
concentrations before and after certain
processes are called in model

WRF-Chem Simulations with different emission ? ‘J—; ]
inventories and different physics settings Gzone (opb)

0.00 15.00 30.00 45.00 60.00 75.00 90.00

Pfister et al.. JGR, 2019 Case Study: 12 August 2014

NCAR
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12 August 2014 — C-130 Observations

Model

Performance

NO, (ppb) Ozone (ppb)

BIGALK (ppb)

CH;CHO (ppb)

ISOP (ppb)

90

= EPA2014_newWRF RA IS
80 NFI?DH;«W nc\wWR

o
50 -
40E”

| SRt paoms

10.00 § : =

nmozm

i newW

= EPA2014_newWRF_RAQMS
= NF]?OHa‘;i)Hr ewWRF

NCAR

UCAR

1
Local Time

Altitude agl (km)

Altitude agl (km) Altitude agl (km) Altitude agl (km)

Altitude agl (km)

20 [FPAZ01A
gj |2o1nm,

‘t \2014_phys
15 [ERA2014_2xOG

™—rT1T

C3Hg (ppb)

8 10 12

Ozone (ppb)

Evaluation for absolute values, ratios,
chemical processes & meteorology

TP
508

EPA2014_ 200G
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NO, (ppb)
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NCAR
UCAR

Chemical Analysis

Atmospheric Chemistry Observations and Modeling Laboratory

Denver-Julesburg Basin

—— Urban areas —
Counties

& | === Denver/NFR O3z NAA

—— Highways

Active gas & oil wells




Chemical Analysis

Boundary Layer Height (km)

FHnorth  OG ]

Weld

FHsouth City :

PBLH (km)

1

0 5 10 15 20
Hours (LT)

HEQE Atmospheric Chemistry Observations and Modeling Laboratory
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Slow growing PBL
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—— Urban areas
Counties
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Active gas & oil wells




NO, Mixing Ratios (ppb)

Chemical Analysis

25— T T T T T T T - T T T T T ] =
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Chemical Analysis

VOC Mixing Ratios (ppb)

50: AN AL O B A U2 A A R T A R G 2 T T A

= FHnorth  OG Highest VOCs
— 40F - w1 ;
3& FHsouth City -y % Slow growing PBL ?
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O E |
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D 20;— Y| /_/
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0 5 10 15 20 Highest NO,
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—— Urban areas —
Counties

B | === Denver/NFR O3 NAA

- | — Highways

; Active gas & oil wells
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Chemical Analysis

Ozone Mixing Ratios (ppb)

- | Rapid morning O; buildup

80— T T T T

Upslope transport

Highest VOCs

RS =T

Late day 03 peak :

Slow growing PBL J

Ozone (ppb)

e
FHnorth  OG
. FHsouth City
0 i i : PR | o A M RAEH ; | o [ L ‘:_-!
0 5 10 15 20 e Re. Highest NO,
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e | * ' A | Countles -
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[ | — Highways
Active gas & oil wells
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Chemical Analysis

Net Chemical Ozone Production (ppb/hr) Largest P(O,)
i‘“ Rapid morning O3 buildup
10 i e L N S o e P L e e N e o e S ]
! ! Upslope transportr | Highest VOCs

Late day O3 peak

Slow growing PBL

Contlnued =
O; Production OG B |

Net P(O;,) (ppb/hr)

:— FHnorth  OG

4ot FHsouth City

Adams

0 5 10 15 20
Hours (LT)

Highest NO,

3 e Broad O, daytlme peak

Countles
» Denver/NFR O3 NAA
s nghways
Active gas & oil wells

15-20 ppb 30-40 ppb

Daytime Net P(O;)
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Chemical Analysis

Largest OH-VOC React.

OH+VOC Reactivity (ppb/hr) Largest P(Og)
F Rapid morning O buildup
qr———— T T T
FHnorth  OG SRS0RS 'fr"t | Highest VOCs

FHsouth City

Late day 03 peak :

Slow growing PBL J

w
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_/—\/“—_/
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—
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Active gas & oil wells
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OH+NO, Reactivity (ppb/hr)

OH+VOC Reactivity (ppb/hr)

S
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——— T 2.0
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OH + NO, React.
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Chemical Analysis

Largest OH-VOC React.

Largest P(O3)

Rapid morning O5 buildup

Upslope transport

Highest VOCs

Late day O, peak E —
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Chemical Analysis

OH"'Nox ReaCtiVity (ppb/hr) ‘ I Laraest OH-VOC React.

- Ozone Isopleth Plot (EKMA Diagram) —

Areas of Active VOC Control  ~Urban

3k ‘ess C S &
- Less NO

WhICh are the most relevant &
VOC species?

LESS Mo ol
ess NO,

VOC+OH (ppb/hr)
N
I
AV | f‘l I\S

Nitrog e

Volatile Organic Compounds (VOCs)

— oy S O
OH + NO, React. ~5-10 ~D Other regions NO, Ilmlted

NCAR
UCAR
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OH+VOC Reactivity (ppb/hr) Chemical Analysis

= CO and Formaldehyde largest contributors & acetaldehyde (mobile & photochemical prod.)

6— - _—
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Formaldehyde — Emissions or Chemistry?

Chemical Analysis

oG City FHnorth FHsouth

CH4 29.4% 26.7% 27.1% 25.6%
CH3OH 5.7% 4.4% 5.3% 5.2%
C2H4 3.8% 3.5% 2.7% 2.8%
C2H6 3.2% 0.3% 0.7% 0.0%
C2H50H 1.2% 1.8% 1.3% 1.5%
C3H6 7.9% 11.0% 4.5% 4.7%
C3H8 2.4% 0.1% 0.1% 0.0%
BIGALK 16.8% 9.6% 8.4% 8.2%
BIGENE 4.1% 5.4% 3.2% 2.7%
ISOP 7.9% 13.4% 26.2% 24.4%
XYLENES 0.4% 1.5% 0.0% 2
TOLUENE 0.0% 0.5% 0.0% 0.0%Tm
TERP 0.4% 1.6% 6.2% 5.2%
TOTAL 83.2% 79.8% 85.9% 80.4%

Pre-cursor emissions for CH,O

NCAR
UCAR

Most of formaldehyde from secondary formation
and traced back to emissions of methane,

higher alkanes, propene, and isoprene.

\
+

OG Region
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Chemical Analysis

Role of Methane and CO
With local methane emissions Without local CO emissions
i T T T T ] 350: T T T T -
2400L - ] : :
- ~— P T 300 E
AN A AN :
\ PR R Phd SO N E
2200 . el NP L SRR P 250 F
_ R XS ITIlienee sl .- . <] — E
e [~ Rl Rl o 8 200
£ 20001 = o K
hd L 4
T O 150F
O :-% w——d_ O -
1800 ] 100%
Base . Base .
1600 — — — with methane emissions ] S0 - — = W/o CO emissions -
1 1 1 1 0: PR W S S S R S W S WA S T S S S 1
0 5 10 15 20 0 5 10 15 20
4 oG ] a4t 8_@. ]
o [ City 8 f ity
g FHnorth =y FHnorth B
o 21 FHsouth 7] 2 FHsouth
< i
S o)
c £
£ S,
s | e F
S 2 ] S 2|
g | £
£ | £ 0
a b - 4
0 5 10 15 o0 0 5 10 15 20
Local Hours for 20140812 Local Hours for 20140812

Methane not only relevant on climate scales,
should also be considered in air quality

NCAR

Local CO emissions are not negligible

Atmospheric Chemistry Observations and Modeling Laboratory
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« What and where are the
relevant sources?

* How do these emissions get
transported?

 How do they get chemically
processed?

« How much pollution comes
into Colorado?

* Which are the best ways to
improve air quality?

NCAR

FRAPPE - Summary

Local emissions, largest impact from
OG and mobile sources

Upslope flows dominate on high ozone
days —> pollution impacts pristine areas

Highly reactive VOC mix and
abundance of NO,

Most of excess ozone is due to local
production

Reduction in O&G and mobile sources.
Focus on pre-cursor species to
Formaldehyde. Some benefits from
methane and CO reductions.

UCAR Atmospheric Chemistry Observations and Modeling Laboratory



Past/Current AQ Studies Future AQ Studies

MUSICA

Multiscale Infrastructure for
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SURFACE OZONE
CAM-Chem Global 1 degree _ MUSICA
- Multiscale Infrastructure for
Chemistry and Aerosols
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https://www2.acom.ucar.edu/sections/multi-scale-chemistry-modeling-musica
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https://www2.acom.ucar.edu/sections/multi-scale-chemistry-modeling-musica

Acknowledgements

Frank Flocke (ACOM)
Jim Crawford (NASA)
Ken Pickering (U Maryland)

Gordon Pierce, Patrick Reddy, Daniel Bon,
Scott Landes, Kevin Briggs (CDPHE)

Movie Credit: Alison Rockwell (EOL)

« ACOM Modeling and Satellite Teams and MMM for support with forecasting

 ACOM Instrument Teams and EOL for all their work before, during and post deployment

» Garth D'Attilo, Tim Frederick, Carl Drews and the ACOM Admin Team for logistical support

* Dennis Arfman (formerly Howard and Logan), Pam Milmoe (formerly Boulder County), Claire
Levy (formerly State Representative), Scott Rayder (UCAR) and many others who supported
the quest for funding

» David Hosansky, Rachel Hauser and UCAR Communications for Media and Outreach Support

« FRAPPE and DISCOVER-AQ Science Teams

« Chi-Tsan Wang, Will Vizuete (UNC), Jason Schroeder (NASA), Christoph Knote (U Munich),
Stu McKeen (NOAA), Sojin Lee (GIST), and many others for collaborating on the analysis

» Guy Brasseur, Louisa Emmons and David Edwards for mentoring me over all these years

« NSF and State of Colorado for funding of FRAPPE and NASA for funding of DISCOVER-AQ

* Many in-kind contributions (NOAA, EPA, NPS, GOS3, and others)

NCAR

UCAR Atmospheric Chemistry Observations and Mode



