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Western North America Shale Plays
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Front Range Air Pollution and Photochemistry Experiment, Summer 2014
Designed to answer the questions: o e
* What and where are the relevant sources and processes that lead to the Colorado S T

Front Range exceeding ozone standards in the summer?

* How much pollution comes into Colorado from the outside (what is it we can do
something about)?

* What are the best ways to improve air quality?

+* Funded by the Colorado Department of Public Health and Environment (CDPHE), NSF,
NOAA, National Park Service (NPS), EPA

¢ Joint project with NASA’s DISCOVER-AQ (Deriving Information on Surface Conditions
from Column and Vertically Resolved Observations Relevant to Air Quality)

+* Four research aircraft (NSF/NCAR C-130, NASA P-3B, NASA B-200 King Air, NASA Falcon)

s Mobile vans, tower sampling, numerous ground sites, balloons, sondes, satellite data

All data are publicly available at https://www-air.larc.nasa.gov/missions/discover-aq/discover-ag.html
Project Field Catalog: http://catalog.eol.ucar.edu/frappe
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NCAR TOGA (Trace Organic Gas Analyzer)

Instrument Specifications: "~ Benzene

« fast online GC/MS Toluene o BTEX

 35-second samples every 2 minutes Ethylbenzene "

» samples processed in flight m-/p-Xylene

- analyzed post-flight for 60+ VOCs o-Xylene

» wide dynamic range

» detection limits at low pptv to sub-pptv range Also, O&G relevant alkanes
Propane
Isobutane

Quantifies VOCs from several sources/types: n-butane

* Biogenic VOCs and oxidation products Isopentane

- Anthropogenic VOCs n-Pentane

» Oil & Gas Tracers > < 2-Methylpentane

- Long-lived Halogenated VOCs 3-Methylpentane

VOCs n-Hexane

* OVOCs, including HCHO n-Heptane

* Alkyl Nitrates

» Biomass Burning tracers (HCN, CH5CN) + OVOCs (CH,0, CH;CHO, CH;0H,

2 Sulfur-containing compounds (DMS, OCS) _ Ethanol, Acetone, MEK, ...)
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NCAR TOGA (Trace Organic Gas Analyzer)

Instrument Specifications: " Benzene
« fast online GC/MS Toluene o BTEX
 35-second samples every 2 minutes Ethylbenzene "
e Saranlas s ingfliat m-/p-Xylene
: . o o-Xylene
B TOGA routinely quantifies !
. Also, O&G relevant alkanes
34 of 187 EPA Hazardous Pronane
Air Pollutants listed under Isobutane
Q . n-butane
° the Clean Alr ACt |sopentane
e A DOOE O n-Pentane
- Oil & Gas Tracers » | < 2-Methylpentane
- Long-lived Halogenated VOCs 3-Methylpentane
VOCs n-Hexane
« OVOCs, including HCHO n-Heptane
* Alkyl Nitrates
» Biomass Burning tracers (HCN, CH5CN) + OVOCs (CH,0, CH;CHO, CH;0H,
|~ “uliu-containing compounds (DMS, OCS) _ Ethanol, Acetone, MEK, ...)
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Other VOC measurements CU Mobile Lab Platteville
 DOAS (column Ethane » UCI Canisters (NHMC, alkyl
NSF/NCAR C-130 NASA P-3B

_ and CH,0) nitrates, HVOCs)
* Picarro (CH,) * DACOM (CH,)
* CAMS (Ethane, CH,0)  TILDAS (Ethane) NOAA Mobile Lab BAO Tower
e UCI Canisters (NHMC,  DFGAS (CH,0) * UdI Canisters (NHMC, ~ * Picarro (CH,)
alkyl nitrates, HVOCs, e PTR-TOF (Propene, HVOCs, alkyl nitrates, * CIMS (PAN)
CH, isotopes) Isoprene, Terpenes, CH, isotopes Other
* PTR-M5 (Isoprenef Aromatics, OVOCs) Aerodyne Mobile Lab * CU Canisters (NMHC)
Terpenes, Aromatics, Boulder Foothills Lab  PTR-MS (isoprene, * UCI Canisters (NMHC)
OVOCGs) * NCAR FTS (column aromatics, OVOCs) * NPS canisters (NMHC) and
* CIMS(PAN, PPN) HCN, Ethane, + QCL_TILDAS (Methane, PTR-MS (OVOCs, aromatics)
* PCIMS (Peroxides, Acids)

Ethyne, CH,0) Ethane, Ethyne) * RMNP CIMS (PAN)
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FRAPPE C-130 Observations — Methane CH4

(1-s observations
averaged over the
TOGA timescale)
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FRAPPE C-130 Observations — Ethane, C2H6

/ Q v — 'wyy T v l, - r 3 -
g f TSR e < : F |
\ \ \ ) - 0
o \ ' X } (o) |
| \ ‘
| )‘; o f | t ‘J e A\ 2 3 ‘ } N f I‘l'
(1-s observations 1y ' U IO\, ¢ R AR 1 |2 *J%s / iR |
N "‘.‘ \ y ," “| | , E}’. : 27 ) 27/ 2 \ .o \
averaged over the NN A SN Els R : 2 : gool.' *
H ~ a 1‘" ; = . / 7 ,/ é / - B & : 3 ! "/ ° "'“6 : | ! |
TOGA timescale) Od e [ ( (] g [i ) " { oot |
O ERIEX Y, AR 6 <. ¢ i 5
> S)," 4 o 4 : ] o

ad
=
]
i\
o
o)
%

Uintah - Uinta Basin Uintah |] . ¥ (_ PR N AT v

Rifle — Piceance Basin | /\‘ N 0 odey =
Denver-Greeley — 5 ﬁ. AN ) ) )
Denver-Julesberg Basin | NS \.\ ' ,,7 a B S 1.
TN : ' 3 1 acte ° o f
/ ; ‘ s | j\
| F 35 e
‘..‘. (-'_D'_ 2 e so il :
) \|‘ 25 ng o U i
) 20 3 [o
\ - ( Q
‘ /Q) 15 g o S l inar o l
< (|l < L X ™ A a
T~ \ ). X ' ‘ 2
.. i Ethane data: Dr. Alan Fr/ed CU Boulder || | | —— \
\ : N\ " r':“'f I"\‘? - — \:' — - - — \-._\ \e \n,_ S \ ".‘ |
\EX N IR N R 2. BAAS e\ ! AR N e \ ‘, i
A\ N\ PO O e TR e s |

NCAR | National Center for Atmospheric Research

UCAR | Atmospheric Chemistry Observations & Modeling



FRAPPE C-130 Observations — n-Butane, C,H,,
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Ratios of Ethane/n-Butane - Dry vs. Wet Shale Gas
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Ratios of Isobutane/n- Butane Dry vs. Wet Shale Gas
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Isobutane/n-Butane ratios Afrom

the C-130 during FRAPPE
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Isopentane/n-Pentane ratios ,
from the C-130 during FRAPPE
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Ground-based Canister Sampling

The ratios of the VOCs in the ground-based whole air
samples can be compared to the aircraft measurements,
reley connecting near-field and regional data.

2067,207:& index]latitude _longitude _|CH4_ppry__|Ethane_pptv_|Ethyne_pptv_|Propane_pptv |Benzene_pptv [Tolusne_pptv
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Pollutant Mitigation Strategies

Mitigation Strategies for Primary Pollutants are clear: Reduced Emissions = Reduced concentrations*

Mitigation Strategies for Secondary Pollutants are much more complex:

The chemical processes producing Secondary Pollutants are non-linear, e.g. ozone

* They depend on emissions of precursors

Area of

effective g i o Lesls

VOC control Area of Ozone Production is limited by the availability of VOCs
effective = Reducing VOC emissions most effective
NOx control

NOx

high ozone

low ozone 1

VOCs

Ozone Production is limited by the availability of NOx
= Reducing NOx emissions most effective

* non-local transport of pollution could counteract local mitigation strategies!
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WRF-chem Modeling at NCAR

08&G Contribution Mobile Contribution Modeled Ozone MDAS (28 July)

40N 40N

106W 106W 104W 106W 105W 104W

Industrial Contribution CEM Contribution

40N - 40N

L <] L
£ 60
*-’,‘E MDA O, (ppbv)

« | The NCAR FRAPPE report is publicly available
| T—— at: https://www?2.acom.ucar.edu/frappe

106W
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O, modeling efforts have involved an ensemble of available data

BAO Tower BAO Tower C-130 (10 - 17 LT & < 1 km a.g.l))
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Selected publications using FRAPPE data

Baier et al., Higher measured than modeled ozone production at increased NOx levels in the Colorado Front Range, Atmos. Chem. Phys., 2017.

e Babhreini et al., Sources and characteristics of summertime organic aerosol in the Colorado Front Range: perspective from measurements and
WRF-Chem modeling, Atmos. Chem. Phys., 2018.

* Battye et al., Evaluating ammonia (NH;) predictions in the NOAA National Air Quality Forecast Capability (NAQFC) using in situ aircraft, ground-
level, and satellite measurements from the DISCOVER-AQ Colorado campaign, Atmos. Environ., 2016.

« Benedict et al., Volatile Organic Compounds and Ozone in Rocky Mountain National Park during FRAPPE, Atmos. Chem. Phys. Disc., 2018.

* Cheadle et al., Surface ozone in the Colorado northern Front Range and the influence of oil and gas development during FRAPPE/DISCOVER-AQ in
summer 2014, Elementa, 2017.

 Dingle et al., Aerosol optical extinction during the Front Range Air Pollution and Photochemistry Experiment (FRAPPE) 2014 summertime field
campaign, Colorado, USA, Atmos. Chem. Phys., 2016.

e Evans and Helmig, Investigation of the influence of transport from oil and natural gas regions on elevated ozone levels in the northern Colorado
front range, J. Air Waste. Manag. Assoc., 2017.

* Halliday et al., Atmospheric benzene observations from oil and gas production in the Denver-Julesburg Basin in July and August 2014, J.
Geophys. Res. Atmos., 2016.

* McKenzie et al., Ambient Nonmethane Hydrocarbon Levels Along Colorado’s Northern Front Range: Acute and Chronic Health Risks, Environ. Sci.
Technol., 2018.

« Sullivan et al., Quantifying the contribution of thermally driven recirculation to a high-ozone event along the Colorado Front Range using lidar, J.
Geophys. Res. Atmos., 2016.

 Townsend-Small et al., Using stable isotopes of hydrogen to quantify biogenic and thermogenic atmospheric methane sources: A case study from
the Colorado Front Range, Geophys. Res. Lett., 2016.

* Vuetal., Impacts of the Denver Cyclone on regional air quality and aerosol formation in the Colorado Front Range during FRAPPE 2014, Atmos.
Chem. Phys., 2016.

 Zaragoza et al., Observations of Acyl Peroxy Nitrates During the Front Range Air Pollution and Photochemistry Experiment (FRAPPE), J. Geophys.
Res. Atmos., 2017.
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* Battye et al., Evaluating ammonia (NH;) predictions in the NOAA National Air Quality Forecast Capability (NAQFC) using in situ aircraft, ground-
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* Benedict et al., Volatile Organigd ; ' N l=m. Phys. Disc., 2018.

* Cheadl /.,S f - . FRAPPE/DISCOVER-AQ i
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to explore the impact of air toxics PE) 2014 summertime field
emissions and population exposure.

* Dingle et al., Aerosol optical
campaign, Colorado, USA, A

e Evans and Helmig, Investigati
front range, J. Air Waste. Ma

* Halliday et al., Atmospheric bé
Geophys. Res. Atmos., 2016.

* McKenzie et al., Ambient Nonmethane Hydrocarbon Levels Along Colorado’s Northern Front Range: Acute and Chronic Health Risks, Environ. Sci.
Technol., 2018.

« Sullivan et al., Quantifying the contribution of thermally driven recirculation to a high-ozone event along the Colorado Front Range using lidar, J.
Geophys. Res. Atmos., 2016.

 Townsend-Small et al., Using stable isotopes of hydrogen to quantify biogenic and thermogenic atmospheric methane sources: A case study from
the Colorado Front Range, Geophys. Res. Lett., 2016.

* Vuetal., Impacts of the Denver Cyclone on regional air quality and aerosol formation in the Colorado Front Range during FRAPPE 2014, Atmos.
Chem. Phys., 2016.

 Zaragoza et al., Observations of Acyl Peroxy Nitrates During the Front Range Air Pollution and Photochemistry Experiment (FRAPPE), J. Geophys.
Res. Atmos., 2017.

5 in the northern Colorado

ily and August 2014, J.
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Unmanned Whole Air Sampling System (UWASS)

Drone-platform whole air canister sampling system
Dr. Lizzy Asher, NCAR

* Collects up to 15 canisters per flight

* Sample size sufficient for duplicate TOGA
subsamples

* Filters particles > 2 um

* Logs ambient T, RH, P, wind speed and wind
direction using the onboard Trisonica Mini
anemometer, as well system P, system flow, and
GPS at a sampling resolution of 1 Hz,

* PID sensor for plume detection

* Computer programmed or piloted flights

 (0'-400" AGL without FAA clearance
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Unmanned Whole Air Sampling System (UWASS)

Drone-platform whole air canister sampling system
Dr. Lizzy Asher, NCAR

Mead

Lyons Platteville
. . . Hygiene
In cooperation with the City of @ (ze) ongmont
Broomfield, Colorado and the CDPHE w @
mobile lab (Daniel Bon) Jamestown (istoctat
Frederick Ranchettes
% @ Fort Lupton @ ol
. . o I
UWASS field testing planned for . 2 M
October 2018: Botldar @ i b
e sampling in the vicinity of a new Lefnyatis Brighton &0
a1 . Louisville
drilling site @) superior
. . . . . Eldorado
« 3D mapping of air toxics emissions Sprnge 4 QMFJ enderaor @ _ Demver _
* sampling at different times of the g Alfpon
day to explore boundary layer and - Thornton & pocky Q
; H n z Mountain
meteorological impacts agon, Westminster ; )]
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Unmanned Whole Air Sampling System (UWASS)

Drone-platform whole air canister sampling system
Dr. Lizzy Asher, NCAR

Legend
Existing or Abandoned Oil and Gas Wells
@  Producing

In cooperation with the City of

°  Abandoned Location
Broomfield, Colorado and the CDPHE | ©  Plugged & Abandoned
. . a e Unknown
mobile lab (Daniel Bon) COGCC- Wattenberg Field

{1 Broomfield City and County Limits
| Broomfield Parcels

UWASS field testing planned for
Octo ber 2018: | bﬁi:z::?wmo" :yo':eweusrres

Information Systems Division using information from the
Colorado Oil and Gas Conservation Commission (COGCC).

* sampling in the vicinity of a new e Co5CE i ma mpns e v i (A

about well production and application activity and status.
The following table helps explain the legend categories:

drilling site e ——
» 3D mapping of air toxics emissions : ;:m;:::::z:;::::w'“

* sampling at different times of the
day to explore boundary layer and :
meteorological impacts | [

 potential for additional sampling | i ]
dependent on funding

accuracy of its data. Use of s informatian is the scle responsibiity 4 35,000 Oil and Gas Wells data source: COGCC

“"""‘"""""’“M“w""“"""" —— ————————— Colorado Oil and Gas Conservation Commission
the use or misuse of

!/"! “\ The City and County of Broomfield has made every effort to ensure

Coca rmm P C ALl hachidy_Promaniivusencen FuitiOl_Gam_mate_uktng Proponsd s ool wn_|atus_satuten id_re_maaigio mad Print Date: 1/10/2017
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Su m m a ry NCAR TOGA (Trace Organic Gas Analyzer)

> FRAPPE provided an extensive atmospheric opane ol
chemistry data set in the Colorado Front e o
Range, including extensive VOC data. e e e

» Several peer-reviewed papers have been >-viethylpentane cﬁ‘éﬁf; (cc.:fﬁ,MEK'

published using the FRAPPE and DISCOVER-AQ,  n-Heptane.. Ethanol, Acetone, ..
data, but the primary focus thus far has been
on O, production and air quality.

Other VOC measurements CU Mobile Lab Platteville

> The VOC data set haS Nnot been fLI I |y eXplOItEd NSF/NCAR C-130 NASA P-3B * DOAS (column Ethane = UCI Canisters (NHMC, alkyl
« Picarro (CH,) « DACOM (CH,) and CH,0) nitrates, HVOCs)
4 4
1 1 * CAMS (Ethane, CH,0) * TILDAS (Ethane) NOAA Mobile Lab BAO Tower
a S a n e n Se m b I e Wlt h res pe Ct to po p u | at I O n * UCI Canisters (NHI\Z/IC, * DFGAS (CH,0) » UCI Canisters (NHMC, * Picarro (CH,)
. . . alkyl nitrates, HVOCs, * PTR-TOF (Propene, HVOCs, alkyl nitrates, * CIMS (PAN)
d f CH, isotopes) Isoprene, Terpenes, CH, isotopes
expOS U res a n I m p a CtS O a I r tOX I CS . g’%ﬁilsﬁfﬁ;{cs Aromatics, OVOCs) Aerod4yne Viobile Lab E)thceur Canisters (NVIHC)
. . ’ ’ Boulder Foothills Lab * PTR-MS (isoprene, * UCI Canisters (NMHC)
> U WASS d rO n e Sa m p | I ng a d d S a u n I q U e OovoGs) * NCAR FTS (column aromatics, OVOCs) * NPS canisters (NMHC) and
* CIMS (PAN, PPN) HCN, Ethane, « QCL_TILDAS (Methane, ~ PTR-MS (OVOCs, aromatics)
* PCIMS (Peroxides, Acids) Ethyne, CH,0) Ethane, Ethyne) « RMNP CIMS (PAN)

capability for quantifying the spatial extent
and dispersion of air toxics emissions from
unconventional oil and gas development.
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