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PM2.5 Nonattainment Areas in U.S.

Worst Cities (PM, ;)
1) Bakersfield, CA
2) Fresno, CA

3) Hanford, CA

4) Los Angeles, CA
5) Modesto, CA

6) Pittsburgh, PA

7) Salt Lake City, UT
8) Logan, UT

9) Fairbanks, AK

10) Merced, CA

PM-2.5 Nonattainment Areas (2006 Standard)

U.S. EPA & American Lung Assoc. (2012)




Ozone Nonattainment Areas In U.S.

Worst Cities (Oy)
1) Los Angeles, CA
2) Visalia, CA

3) Bakersfield, CA
4) Fresno, CA

5) Hanford, CA

8-Hour Ozone Nonattainment Areas (2008 Standard)
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6) Sacramento, CA
7) San Diego, CA
8) Houston, TX

9) San Luis

Fhour Ozone Classification

Bl Extreme Obispo, CA
|:| Severe 15

|:| Serious 10) Merced, CA
|:| hMcderate

|:| Marginal

U.S. EPA & American Lung Assoc. (2012)



Organic Aerosol
Global Scale

MOSTLY SOA

(Goldstein & Galbally 2007
Hallquist et al 2009

Heald et al 2010)
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Anthropogenic Versus Biogenic
Volatile Organic Compounds

AVOC ~100 Tg Clyr BVOC ~1150 Tg Clyr
Mobile Sources X _  Isoprene (500)

Fossil Fuel (power plants) Wit Other VOC (260)
Fire &

2 Nl=lm| Solvents/Paints | Other Reactive VOC (260)
Etc. "~ Monoterpenes (130)

S

In California, relative contribution of Sesquiterpenes (?)
AVOC and BVOC is poorly constrained, *‘

and varies significantly among air districts.

Globally BVOC =10 X AVOC

Guenther et al 1995




Motivation

Vegetation in California comprises a large source of BVOC,
which react with anthropogenic pollutants and contribute to
photochemical ozone and particle formation.

In many regions, Isoprene is the most important VOC affecting
regional air quality, and the vast majority of isoprene
emissions are expected to occur from oak trees which cover
~7% of CA land surface.

Previous BVYOC emission measurements from CA oaks were
made almost exclusively at branch and leaf levels (e.g. Winer
et al., 1992).

BVOC emission measurements are needed at the landscape
scale in CAto evaluate and improve BVOC emission models
used for air quality State Implementation Plan (SIP)
development.




3 Recent CARB
Funded Field
Campaigns Provide
new insight on
BVOC Emissions

1) CITRUS Agricultural
Crop Emissions
(valley floor)
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3 Recent CARB
Funded Field
Campaigns Provide
new insight on
BVOC Emissions

1) CITRUS Agricultural
Crop Emissions
(valley floor)

2) CABERNET
Aircraft Flux Study

(

3) TALL TOWER
Walnut Grove (525 m)
vertical profiles
(integrate over large
area of Central Valley)
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CABERNET (June 2011)

California Airborne BVOC Emission
Research in Natural Ecosystem Transects

CIRPAS Twin Otter ey smgf \? Karl et al

o JAS, 2013

|

Misztal et al
' ACP, 2014

Misztal et al
“‘2015 In review




CABERNET Objectives

Evaluate airborne VOC flux methods on regional scale

Investigate the vertical transport of isoprene in the
planetary boundary layer (PBL)

Characterize landcover effects on isoprene emissions

Verify and improve isoprene emission models




Flight track planning

Flight planning criteria VS ES T mgme2he
. ' ? S 2 ': B g :_15_{'__5_95
1) Isoprene Emission Mode| s I RSP

Discrepancies: 2.49-2.50
a) BEIGIS>>MEGAN (grey) JERSREEES S (ol — ooy
b) BEIGIS<<MEGAN (red) Sanbi s R
c) BEIGIS<MEGAN (blue)

2) Relatively flat terrain

3) Expected high emission

regions (location of oaks)



Research Flight’s & Oak Distribution

8 Research Flights

40 hrs, ~10,000 km
mostly at 400£50m

Payload
VOCs by PTRMS

Isoprene,
MVK+MACR,
Methanol,
Monoterpenes,
occasional other
species

CH, (Picarro)

CO, (Picarro)

O, (fast&slow (2B))
3D Winds
Micrometeorology
Radiation

0510 20km o0 3 6 12 km

Legend
——— RF1 (2011-05-08)
RF2 (2011-05-09)
——— RF3(2011-05-10)
—— RF4 (2011-05-14)
—— RF5 (2011-05-15)
RF6 (2011-05-16)
———— RF7 (2011-05-20)
—— RF8 (2011-05-21)
mostly homogenous oak areas

heterogenous oak areas



Ready for RF1....




We can fly again on the camera and see how
the chemistry changed in different places

methanol (ppb)
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All Flights at  » %\ . lsoprene
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High
MVK+MACR
over hills &
mountains,
low over
valley.

Ratio of
ISsoprene
(MVK+MACR)
decreased
downwind of
sources

and with
Increasing
altitude

Misztal et al. 2014
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Alrborne Eddy Covarlance

[m]; [degree]; {m-‘SI

1 1 | J L i.'.- 1
168.9815 168.982 168.9825 168.983 168.9835 168 984 1 58.9845

168.9825 168.983 168.9835 168.984 168.9845
Doy

F — W’C’ Lenschow maneuvers are applied
to minimize effects of aircraft
movement on vertical wind velocity
Karl et al. (2013)

General Rule: “FLY LOW AND SLOW”

Lenschow et al. (1994) , Desjardins et al. (1989) , Karl et al. (2009, 2013), Misztal et al. (2014)




Airborne Eddy Covariance

1. Fast Fourier Transform (FFT) — classic, 1 value per
transect (e.g. 100 km)

2. Continuous Wavelet Transformation (CWT) — new
method, high spatiotemporal resolution
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Karl et al. 2013, Misztal et al. 2014



ppb
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Flux divergence measurement used to
determine OH and surface flux

O
® Ground intercept: Emission

Slope: Loss =k [ISOP][OH]
O [OH] =4-7 x10° molec cm-3

O

O
Isoprene
Emission O

*oe

Products

OH

D
©
-
)
E
<

Isoprene flux




Measured Isoprene Surface Fluxes
and Basal Emission Rates (BERS)

(similar spatial pattern as concentration)

-1.0
A -20
1-40
-10.0

500 Kilometers

Isoprene emission (Flux) from
plants exhibits exponential
sensitivity to temperature and
PAR and the emission capacities
are also linked to previous
history of meteorological
conditions (Guenther et al., 2006)

F = BER X yr X ¥Ypar
/

Measured at standard conditions 30 °C,
1000 umol m-2 st PAR

BER = F, airborne
YT X YpPAR




Measured Isoprene Surface Fluxes
and Basal Emission Rates (BERS)

(similar spatial pattern as concentration)

JCABERNET
i+ lsoprene BERs

. . { g m= h-
o 0.0-03
O 04-06
07-1.0
1.1-2.0
21-40
41-10.0

Rejected

500 Kilometers 0O - 500 Kilometers




Using Aircraft Isoprene Flux to
verify and improve emission models

Examine 2km resolution flux data
Test the models, and the model inputs

Landcover Driving Variables
(species composition, LAI)

Emission Model
(Emission factors, Short-term and

Long-term Emission Algorithms,
Meteorological Driving Variables Canopy Environment)

(light, temperature)

Most Uncertain Input? Landscape weighted emission factor datasets
-based on species composition and species-specific emission factors

e BEIGIS (California ARB Model) - GAP landcover database for oaks, with
Forest Inventor Analysis (FIA, USFS product)

* MEGAN 2.0, landcover 2.1 (Guenther et al. 2006) — WestGAP/FIA
e MEGAN 2.1, landcover 2.2 (Guenther et al. 2012) - NLCD/FIA/PFT
Lots of other options for models with different landcover:

BELD (BEIS, Pierce et al. 1991), BELD2 (BEIS2, Geron et al. 1994), BELD3 (BEISS,
Kinnee et al. 1997), GED (GEIA inventory, Guenther et al. 1995)




MEGAN model components and driving
variables

Intermediate

; Emission response |
calculations

algorithms
SOURCE | Leaf age Leaf age

DENSITY: "| model algorithm
LAI

Input

How much?

Canopy Light and

environment temperature

WEATHER:
model . .
solar radiation, algorithm Time
f resolved

temperature &
moisture

Above-canopy . gridded
environment BVOC

| Soil moisture

e " algorithm
concentration estimates

C02
"] algorithm

emission

How active?

SOURCE TYPE:
PFT and species
composition

Landscape average
emission factors

What type?

Guenther et al. 2012



WRF temperature has large gradients
(used to drive BVOC emission models)

N
N

.
o

38|

N
(@]
]

©

N
(D)

- 36
>

b

=
®©

-

2
P

g
M

-125 -120
Longitude (deq)




WRF temperature resolution Is

critical Iin particular in the foothills

38 — —— Observed temp 3 km from racetrack
4 000 e WRF temp averaged 40 x 40 km
36— e WRF temp averaged 20 x 20 km

= ---- WRF temp averaged 8 x 8 km
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Temperature (°C)
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IsoBERs in BEIGIS
mean 2.1 (s.d.4.0)
mg m2 h'

OAK woodlands
mean 7% (s.d. 200%)
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Legend
Oak woodlands (GAP)

Ground measurements

%
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Legend
CABERNET Isoprene BERs

mg m-2 h-1
°© 00-03
O 04-06
07-1.0

11-20
21-40

O 41-10.0
g Rejected
* Ground measurements

Oak woodlands (GAP)
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Ground measurement
04-06

BEIGIS_IsoBERs
-1

— RIBY
R
B /- 100
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» j CABERNET Isoprene BERs
' mg m-2 h-1
00-03
04-06
07-1.0
1.1-2.0

21-40

41-10.0

Rejected

Ground measurements

160 Kilometers BEIGIS_IsoBERs
mg m-2 h-1

500 Kilometers
|




0 125 250 ' 500 Kilometers
I | L 1 I 1 | | |

Legend

Ground measurement

MEGAN 2.0 landcov 2.1



¥ Legend
B CABERNET Isoprene BERS|

; * Ground measurements

mg m-2 h-1
o 00-0.3
O 04-06
0.7-1.0
O 11-20
21-40

O 4.1-10.0

Rejected

MEGAN 2.0 landcov 2.1




Legend

measurements

A

MEGAN 2.1 landcov2.2
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Legend

CABERNET Isoprene BERs
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US EPA Ecoregions - areas of general similarity in ecosystems

and in the type, quality, and quantity of environmental resources

42°N

40° N

38°N

36°N

34° N

122.5° W
78d__ g ‘ )
i 780 r 9ig
ta Tod70ey ey o 408 T ™% s0g B
78j78d 78178l g 4e % 9j
78i78d 73078E7aa7ap 4g 4e g | 9m8od
1 78Kk 7pp 4d  de “9q 801
E 780 780 760 T8I 4fg g
78k 78l 5 ol
N 78i 780 78| i or g 5
78] "9 4
1a 78l :;k 4f4e ::4f ap
78 g ar 4d de  4f sgjﬂ‘;gj
’ 78l ce ande 5
78¢q
1k
1
13ad
132e 13y 4q,
el 130, 4|
5a 1.'Sac13;<13:‘fH 13u
1By 14, 4
i
13y 14 14i 149
5a ”14|14| 140
4
14b
5k 140 14f ¢
141 14|14J11‘3”4' 14p145
5l 14f 14a_14g14f
14n 14k 14b
14 1ar Mig 14, Adb 112;
2 1 1‘“’14;%14[, 1ap 147140
1ak 14 14b
14k q4% 14]k (e 14b, 4 340 448 14
14K g 14 b 7 14p 14b
4k qa1 1K 14D 4 40 140140 14p 1423 14e
14' At n 14b14b -i-4b14b 14b ‘
B 8e 14k 14f 14b 2l o il
85a Tab. 1ab 4T 14p
— S - 8red BCoray qup M2 142 14fM 8181k
! 85¢ & 14f 14b
851 gei 85I BGI - 85 gsiesk g5 8 by 8lig1d 81i
- 851 _ g5 14b i ol ;
85c 22l sfaf  &le 81 8181
o 85kgg) o - : g1j81i 81g
85 ; " Sfg1b < .
85j 8f 8egr 81 81i
85 85851 Bic W
1 gsg 8f 812 81i
0 75 150 300 Kilometers % e sel S igtasi
Lo | a5e 85h" g1,
122.5° W 120°' W 117.5° W 115° W

42°N

40° N

38° N

36°N

34° N

5d Northern Sierra Mid-Montane Forests
5e Northern Sierra Lower Montane Farests

5f Northeastern Sierra Mixed Conifer-Pine Forests
5g Central Sierra Mid-Montane Forests

5h Central Sierra Lower Montane Forests

5i Eastern Sierra Great Basin Slopes

5j Eastern Sierra Mojavean Slopes

5k Southern Sierra Subalpine Forests

51 Southern Sierra Upper Maontane Forests

5m Southern Sierra Mid-Montane Forests

5n Southern Sierra Lower Montane Forest and Woodland
50 Tehachapi Mountains

6a Tuscan Flows

Gaa Eastern Hills

B6ab Pleasant Valley/Kettleman Plain

Bac Temblor Range/Elk Hills

Bad Grapevine Transition

Bae Tehachapi Foothills

Baf Salinas Valley

6ag Northern Santa Lucia Range

Bah Santa Lucia Coastal Forest and Woodland
Bai Interior Santa Lucia Range

6aj Southern Santa Lucia Range

Gak Paso Robles Hills and Valleys

Bal Salinas-Cholame Hills

Bam Cuyama Valley

Ban Carrizo Plain

Bao Caliente Range

B6ap Solomon-Purisima-Santa Ynez Hills

Baq Santa Maria/Santa Ynez Valleys

Bar Upper Sacramento River Alluvium

6b Northern Sierran Foothills

6¢ Southern Sierran Foothills

6d Camanche Terraces

6e Tehama Terraces

6f Foothill Ridges and Valleys

6g North Coast Range Eastern Slopes

6h Western Valley Foothills/Dunnigan Hills

6i Clear Lake Hills and Valleys

6] Mayacmas Mountains

6k Napa-Sonoma-Lake Volcanic Highlands

61 Napa-Sonoma-Russian River Valleys

6m Sonoma-Mendocino Mixed Forest

6n Bodega Coastal Hills

Bo Marin Hills

6p Bay Flats

6g Suisun Terraces and Low Hills




MEGAN 2.1 Land 2.2 vs CABERNET BERS
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Robust bisquare fit
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Measured BERs (mg m™~ h™")

On average Megan 2.1 Land 2.2 BER’s agree well with
observations (within 9%).




Current CARB Model (BEIGIS landcover)

emissions vs CABERNET Fluxes

60
Landcoyer —— model at 2 x 2 km (4 x 4 km Met)
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Good agreement in most places, but Landcover 2.2 is more accurate.

Discrepancies indicate where landcover needs improvement.

Misztal et al in review



Sensitivities to temperature and LAI show

relatively small effects
+/- 20% temperature +/- 50% LAI
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Measured emission vs
CARB Model

(BEIGIS Landcover)
Averaged by Ecoregion
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R 056 95% confidence intervals
Slope=0.81 _ 11line
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CARB model showed good agreemertan
average, underestimating ece#&gion averaged
measurements by 19%4°0ver the whole dataset.

N
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50% .2 ccoregions agreement was within 50%

-
o
T

21% of ecoregions model overestimate > 50%

MEGAN isoprene emissions (kg h'1)

o

29% of ecoregions model underestimate < 50%

15 20 25 30 35
CABERNET isoprene emissions (kg h'1)

Agreement was generally better for ecoregions
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Walnut Grove Tower: Measurement Setup
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Ground-Aircraft Comparison
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Average Vertical Profiles at Walnut Grove June-Aug 2011
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Conclusions

*Oak woodlands confirmed to be dominant isoprene emission sources in CA.

«Spatial resolution of temperature used in model is very important, particularly
In foothills where Oak woodlands dominate the landscape.

sLargest uncertainty in modeling isoprene fluxes for CA is the landcover input.

*MEGAN landcover 2.2 BER’s were most accurate, agreeing with measured
BER’s within 9% averaged by ecoregion.

*CARB’s model using BEIGIS landcover showed reasonable agreement with
ecoregion averaged flux measurements, underestimating by 19% over the
whole dataset, and agreeing within 50% for half of the ecoregions.

*\We recommend CARB use MEGAN landcover 2.2 for future BVOC modeling.

«Continuous measurements at Walnut Grove complement aircraft to elucidate
temporal and vertical distribution of isoprene + products in CA's Central Valley.




Promising Future Directions for Landscape Scale
Flux Observations from Aircraft?

Spatial distribution of fluxes over different landscapes and seasons

—> need to verify emission inventories in different seasons (e.g. peak ozone
season), and improve emission models for a wide variety of landscapes (forest,
agriculture, oil/gas fields, urban, etc).

Increase range of observed VOC fluxes and oxidation products

- improved measurement techniques are now available (high res PTR-ToF-
MS, additional CIMS instruments) that enable simultaneous measurements of a
very comprehensive array of VOCs.

Bidirectional exchange
—> deposition rates of oxidized VOC are largely unknown and critically important
for understanding atmospheric VOC budget. New measurements are needed.

Greenhouse gases

- Expand the scope of measurements to include GHG's: CH,, CO,, and
possibly N,O. Could also include NOx/NQOy, CO, or other species for which fast
measurements are available and emission inventories need verification.
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