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OMIvs. TROPOMI

Ozone Monitoring Instrument (OMI) Both Tropospheric Monitoring Instrument (TROPOMI)

Launched Oct 2017;

Launched July 2004; : :
u uly data since Spring 2018

data since Fall 2004
Spatial resolution of

5.5 x 3.5 km? at nadir;
similar at swath edge

Measure column NO,, HCHO,

Spatial resolution of and O, (among other gases)

24 x 13 km? at nadir;
coarser at swath edge Similar algorithms / techniques

Instrument signal-to-noise
to measure the columns

ratio is excellent; uncertainty

Great for long-term trends;
of measurements are lower

data record of 20(!) years

Polar-orbiting with 13:30
local time overpass;
once per day

Better for urban-scale studies

Row anomaly ® half the

data is missing since 2007 Better for short timescale studies

Better for recent trends




Urban NO, changes since 2005, as observed by OMI

(more images in the supplemental)

Los Angeles

Max: 26.1 x 10”
Mean: 7.4 x 10"

New York City

57% drop

59% drop

7 - Washington, DC  OMINO,

‘\ / f?—\{ ~‘.....:..
Max: 13.0 x 10" 2005
Mean: 3.3 x 10” Mean: 8.1 x 10" |
31% drop 62% drop
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Urban NO, changes since 2005, as observed by OMI GW

(Goldberget al., 2021, ERL)

3000 2000 3000

) OMI 3-yr -52 % : : OMI 3-yr -31% OMI 3-yr -32% .
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Year Year Year Ahn et al., submitted
Aerosol interference in India might shows similar regional satellite vs. inventory

be causing low measurements

mismatches for CO, using 0C0-3



OMI vs. TROPOMI: Spatial comparisons

(Goldberget al., 2021, Earth’s Future) (more images in the supplemental)

Los Angeles Washington, DC

Max: 10.7 x 10" Max: 5.0 x 10°
Mean: 3.3 x 10" Mean: 3.4 x 10”° £

TROPOMI
observes
known urban
NO, spatial

heterogeneities
better

Max: 5.7 x 10° Max: 4.4 x 10"
Mean: 2.6 x 10" Mean: 2.5 x 10"

10”molec/em? 10*molec/ecm’




Great spatial agreement between TROPOMI NO, and inventory NOx (used in model)

with some exceptions (Wa rehouses & EJ) Goldberg et al., 2024, Remote Sensing of the Environment
|—, Kerr et al., Nature Communications, accepted

New York City TROPOMI NO,
Max: 15.5 x 10° <3.2 m/s winds
Mean: 3.6 x 10"

TROPOMI NO,
Max: 9.0 x 10" <3.2 m/s winds

Mean: 2.4 x 10"

10”molec/em?



TROPOMI NO, column measurements have great correlation

(r=0.6-0.7) with annual NO, surface measurements GW

(Goldberget al. 2021, Earth’s Future)

R? = 0.66

Near-road

L Not near-road

m=17x10"% b =15

0.4 0.6

0.8 1.0

TROPOMI NO,/10' [molec cm™2]

1.2

A very rough heuristic to
convert column NO,
measurementsto surface
concentrationsis to
multiply column
measurements by 2 x 101>

But we have also
developed more rigorous
strategies to estimate
surface concentrations...
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TROPOMI NO, surface estimates (two flavors)

Only a limited # of other variables included, we want TROPOMI to drive the estimates! GW
(Nawaz et al., in prep; Kim et al., under review) (more in supplemental)

Lasso Regression— Monthly timescales Regressionw/ Anscombe Transform — Annual
r2=0.72; Nawaz et al., in prep. r2=0.77;Kim et al., under review

Surface NO, (ppbv) (i)
75 100 125 THE HOLLOWAY {W}
GROUP @ SAGE \!

gqNO2 anscMLR, 2019 Average

5.0 15.0 17.5 20.0

Los Angeles Annual 2019

4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 6 8 10 12 14 16 4 6 8 10 12 14 16 18 20 lo
Surface NO; Annual 2019 (ppbv) LUR Surface NO; Annual 2019 LUR Surface NO; Annual 2019 Surface NO; Annual 2019 (ppbv)
obobv) (opbv)



TROPOMI NO, satellite data is the driver of the NO, estimates; GW

the same cannot be said of previous surface NO, estimates

Model performance drops dramatically when TROPOMI data is excluded
Higher resolution satellite data leads to simpler LUR models with improved performance

% Reduction in R?
(Nawazetal., in prep) TROPOMI LUR OMI LUR (Larkin etal., 2023)

Satellite Remote Sensing 29.0 6.2
All Major Road 3.7 8.6
Built Environment 3.9 1.6
Surface Pressure 2.4 0.1
UV Backscatter 1.9 N/A
Temperature 0.6 0.5
Population Density N/A 1.5
Tree Cover N/A 1.1
All Residential Road N/A 0.8
Water Body N/A 0.7

Nawaz et al., in prep. 11



Use of remote sensing to constrain sector NOx in Houston GW

(Goldberg et al., submitted, ES&T Air, pre-print on chemrxiv)

GCAS Column NO, o '
September 2021 Emission adjustments by source sector
All daytime hours
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On Road NOx in model needs to be increased
Shipping NOx in model needs to be decreased
Background NO, in model needs to be increased







TEMPO NO,
May 29, 2024, 127
" N 5

BETA V3 NO, product

Cloud fractions >0.15
filtered out

Negativevalues
screened out for clarity

NO, in SE US likely
from lightning NOx

NO, in North Central
US likely from soil NOx




TROPOMI NO, vs. TEMPO NO,

& TEMPO NO, : % — e G TROPOMI NO,

May 29, 2024, 19Z ? : Ly e ) : ; ' - May 29, 2024




OMI NO, trends

\§

Nitrogen Dioxide (NO,)
2005

Data from: NASA

. el 10° molecules/cm®

0.00.25 0.50.75 1.0 1.5 2.0 2.5 3.0 4.0 5.0 7.510.0*




OMI NO, trends

' 2005

Data from: NASA o ‘#_' -
. N 10" molecules/cm?

0.00.25 0.50.75 1.0 1.5 2.0 2.5 3.0 4.0 5.0 7.510.0*




Max: 8.9x 10"
Mean: 3.5 x 10”

Los Angeles

Max: 26.1 x 10*
Mean: 7.4 x 10"

16

Max: 8.8x 10"

Max: 10.7 x 10"
Mean: 2.5 x 1

OMI NO, trends

16

| W

2

10" molec/cm’] 1
16

Dallas

Max: 7.9x 10"
Mean: 3.3 x 1

' Chicago
b - . -
Max: 14.2 x 10"

Mean: 6.5 x 10”

——
e OMI NO,

2005

ey
10" molec/cm’

Max: 10.3 x 10" ‘

Mean: 4.9 x 10”

16

| Max: 24.7 x 10°

Mean: 8.2 x 10"

-

. IQ‘”molec/cm“q
. i — 16
Washington, DC ' OMINO,
Vi B |
Max: 13.0 x 10*
Mean: 8.1 x 10”
-8
By
2
/77/
. 10" molec/cm ¥ 1




OMI “CO," estimates for Los Angeles; matches GW

observations relatively well (coldbergetal., 2019, sTOTEN)

NOy emissions (Gg/yr)

CO, emissions (Tg/yr)
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Los Angeles .
Solid: Top-down OMI —
Dotted: Bottom-up Inventory |

0
0
0

ol

CO,

: -57% change over period (EI: -49%)

: -23% change over period (EI: -7%)

2006

2008 2010 2012 2014 2016
Year

Top-down NO, computed using oversampled
OMI data over a 3-year warm season (e.g.,
2006 = Apr thru Sept 2005 thru 2007)

Top-down CO, computed by dividingthe
top-down NO, emissions rate by the local
(within 75 km radius) NO,-to-CO, ratio.

Ahn et al., submitted
isa major advancement,
check it out when it arrives! 19
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OMI vs. TROPOMI
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OMI vs. TROPOMI

September 2019




OMI vs. TROPOMI

p ) : New York City

Max: 3.6 x 10° Max: 4.0 x 10” Max: 7.3 x 10” it _ Max: 10.5 x 10°
Mean: 1.9 x 10" Mean: 1.6 x 10" , Mean: 3.3 x 10" . Mean: 4.0 x 10”

10" molec/cm’ 10" molec/cm] 10" molec/cm’
Los Angeles Washington, DC

Max: 10.7 x 10* Max: 4.5x 10" Max: 4.4x 10" Max: 5.0x 10°
Mean: 3.3 x 10” Mean: 1.8 x 10" Mean: 2.5 x 10" Mean: 3.4 x 10° £

10" molec/cm’]

Max: 4.4 x 10" Max: 5.7 x 10°
Mean: 2.4 x 10° Mean: 2.6 x 10*

10" molec/cm’}




GW

Applications of TROPOMI: NO, vs. temperature

-
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TROPOMI NO, |

¥ below2ms winds

Normalized mean TROPOMI NO, within metro area

1.2
1.1

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1
0.0

=

Washington, DC
Los Angeles

Houston

New York City
Chicago
Atlanta

below 2 m/s 2-4mfs 4-6m/s 6 -8 m/s above 8 m/s

Wind speed
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TRACER-AQ informing TEMPO NO.,...

Column NO,
peaks ~10
AM with
small declines
in afternoon

Diurnal cycle
different at
the surface.
Peaks ~7 AM
and drops
dramatically
in afternoon

(Nawaz et al., ACP, accepted)

Average NO, Concentration (ppmv)

Average NO, Column (molecules em ?)

o
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o
wn

0.05

0.04

0.03

0.02

0.01

lel6 Total NO, Columns (September 2021: 1, 3, 8-11, 23-26)

~—WA Parish Plan

GCAS Column NO,

September 2021
Between 9 AM - 12 PM LT

T

q

Citas
ol

|— Gcas | T N R
—— Pandora
—— GEOS-CF :
6 8 10 12 14 16 18
Time of Day (CDT)
Surface NO, (September 2021: 1, 3, 8-11, 23-26)
: : —— CAMXx
I N S S R —— AQS
6 8 10 12 14 16 18

0.00

Time of Day (CDT)

GCAS Column NO,

September 2021
Between 12 - 3 PM LT

WA Parish Plan

GCAS Column NO,

September 2021
Between 3 - 5 PM LT

T 10'° molec/cm?
10 13+

Late AM

Early PM

Late PM
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Where is the worst* NO, pollution the world? *In 2023, as seen by satellite, averaged annually to a 10 km grid box

Huber et al., in prep.

L

-
B - -

TROPOMI 2023 Annual Average NO;

Moscow, Russia

1592 x1005em=2/ R o R SEER & B Nea
Shanghai, China

/%3 15.74 x 1015cm™2

Seoul, South Korea
16.96 x 10¥°cm 2

[E. Los Angeles, CAJ

12.47 x 10¥°cm—2 Milan, Italy

- |8.39x10%em2|

Mexico City, Mexico
18.66 x 1015cm—2 :

Tehran, Iran
43.92 x 101°cm—2

Waidhan, India
25.99 x 10%cm~2

fSantiago, Chile
13.66 x 10cm—2

Mpumalanga, South Africa ‘ & Ravensworth, Australia
17.31 x 10cm—2 6.76 x 10%cm—2

2.0 3.0 4.0 5.0 10.0 15.0 .
NO, x 101°cm—2




Recent trends in NO, pollution (2019 vs. 2023) 4 GW

HAQAST

Large NO, reduction in China, NO, reductions in Europe, NO, increases in tropics, mixed but mostly down in the U.S.

_ Huber et al., in prep.
Percent Change in NO, between 2019 and 2023

: \ N U 3 }‘-"
S = ﬁ‘. 4 1
o RS
A
.
2V ’n :
< A0 SN /AN ‘
W 7 / </

.,

29
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. . H
Recent summer trends in NO, pollution

| Salt Lake City

@

[ A 1 <+ MostU.S. cities saw a NO, recovery
-New York Ci 2
I Ne ork C ty ] after 2020, but not a super-recovery

oL -
I .\.\./O—r—o _ * Largest NO, decrease by percentage

and by absolute magnitude has

2| . been in Los Angeles
8% -17% -2% -3% -2%

2_.—.—.—'.—“._

0% -2% 1% 0% -7%

TROPOMI NO, (10" molec/cm’)
TROPOMI NO, (10° molec/cm’)
=9
1

2018 2019 2020 2021 2022 2023 2018 2019 2020 2021 2022 2023 e Too ea rly to te” |f urban N()2

changes arein line with the U.S. EPA

< e T T T _8 National Emissions Inventory (NEI)

g F |
3 10 7 S .
2"l Los Angeles :.L Chicago ]
£ 8| - g
‘-'N 6 - c .
ol ._W ] ) ir H\.—-.“H 7 2023 NEI Data and Documentation
S 4} - G .
E i g o | The 2023 NEI inventory year is in progress and will not
o 2 - = : :
= | 0% -20% -9% -13% -20% g 1% -8% -6% -2% -3% be published until March of 2026.

0

2018 2019 2020 2021 2022 2023 2018 2019 2020 2021 2022 2023 30



Warehouse NO, pollution can be seen from space!

Orthogonal grid cells

-6 -4 -2 0 2 4 6
Tangential grid cells

< E—

34 35 36 37 38 39 40 41
NO, - 10715 [molec cm~?]

NO; - 1075 [molec cm~2]

6.0 -
5.5 1
5.0 1
4.5 1
4.0 -
3.5 1
3.0 1
2.5
2.0 1

1.5

(B)

p<0.001, r=0.19 p<0.001, r=0.10 Igg
0<0.001, r=0.15 0<0.001, r=0.11 :{ 6.4
p<0.001, r=0.63 p<0.001, r=0.48
t s
. s+ T & Fid
- Ii%IY $4
T = $
F S
I;I e B 2
o
o
FEs*= =
- <0.001, r=0.24
+** fxo.om, r=0.03
- p=0.04, r=-0.02
12345678910 12345678910 123456780910
Decile Decile Decile
Low population Medium population High population
density density density

I Loading docks

B Parking spaces M Clustering

#

GW

Column NO,
enhanced by 20%
downwind of
warehouses

On-the-ground NO,

enhancements
probably larger
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How does inverse modeling work?
Exponentially modified Gaussian method

Rotate 165 degrees

LA

42.5
y-direction (km)

42

50 100
x-direction (km)

41.5
4§ 4

. W 10° cm? NO,
0 3 6 9 12
I B by O,

35 70

Goldberg et al., 2019a



https://pubs.acs.org/doi/10.1021/acs.est.9b04488

How does inverse modeling work?

Exponentially modified Gaussian method

A4

42.5
y-direction (km)

42
(A4

-100

-50 0 50 100 150 200
x-direction (km)

41.5
L 4

11
b

—— P 10" cm”
0 2 4 6 8
Calculate NO, Burden and Lifetime based on an exponentially modified Gaussian fit:

/! NO,/NO, ratio 7 \ ™~ Decay distance (km)
NO, emissions Burden (Mg)  Wind speed (km/hr) Goldberg et al., 20193



https://pubs.acs.org/doi/10.1021/acs.est.9b04488

New paper publishedin
Atmospheric Chemistry
and Physics

Goldberg et al., 2022

Also see Twitter thread
for summary

* Satelliteand
inventory NOXx
emissions generally
agree within 20% in
Texas

* Worse agreement
near point sources

TROPOMI NO, v2.3.1
with re-processed AMF

Model Column NO,

Model - TROPOMI

Dallas Ft Worth o

otential

l ¥ overestimate
\ ( k at DFW

* Satellite has
difficulty
estimating
in 1\.T0x from
point sources

Potential
onnvento

el

-2.0 -1.0 0.0 1.0 2.0


https://acp.copernicus.org/articles/22/10875/2022/acp-22-10875-2022.pdf
https://twitter.com/DGoldbergAQ/status/1567500383454478343

TROPOMINO, vs. TROPOMI-based NO, surface estimates

Los Angeles Annual 2019

0.0

0.2

0.4 0.6 0.8 1.0 1.2
TROPOMI Column NO; Annual 2019
(molec. cm=2s71)

Los Angeles Annual 2019

1.4
lel6

6 8 10 42 14 16
Surface NO, Annual 2019 (ppbv)

Houston Annual 2019

20 25 3.0 35 40 45 50 55 6.0
TROPOMI Column NO, Annual 2019  1el5
(molec. cm~2s71)

Houston Annual 2019

2 4 6 8 10 12
LUR Surface NO, Annual 2019
(ppbv)

Chicago Annual 2019

40 45 50 55 60 65 70 75 80

TROPOMI Column NO, Annual 2019 1el5
(molec. cm~2s71)

Chicago Annual 2019

6 8 10 12 14 16
LUR Surface NO; Annual 2019
(ppbv)

Washington, DC Annual 2019

2.0 2.5 3.0 3.5 4.0 4.5 5.0
TROPOMI Column NO; Annual 2019 1lel5
(molec. cm™2 571

Washington, DC Annual 2019

2 4 6 8 10 12
LUR Surface NO, Annual 2019

New York City Annual 2019

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
TROPOMI Column NO, Annual 2019 1el6
(molec. cm~2s71)

4 6 8 10 12 14 16 18 20
Surface NO; Annual 2019 (ppbv)



Tools to Investigate NO, continue to improve

Ground monitors
e.g., Pandora & AQS

Aircraft data
e.g., GCAS

Satellite data
e.g., TROPOMI, OMI, TEMPO

* Measuring column NO,  Stationary, but high * Very high spatialand ,
e 55x3.5km2can be temporal resolution temporal resolution
oversampledto 1 x1km2 * Pandorameasures * Limited timeframes

column NO, and vertical and domains

distribution (sometimes)
More instruments
coming on-line

Chemical transport models
e.g., CAMx

Ability to run at sub-kilometer
resolutions

Continual model updates for
chemistry, emissions, and dispersion
Limited timeframes and domains

CAM

Ozone
Particulates
Toxics




New York City LISTOS Summer 2018:

Observations vs. Observations how do they compare?

GCAS d < vi1.2 v2.3 v2.4
£
vs. Pandora § : :
a) 15 o i: D .
( g TROPOMII (various algorithms) vs. Pandora
50x10 " _ ] 15 N S /.| MW Queens © ¢ 5 .
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g 8 207 g ot N:336 |~ N:338 |~ N: 360
£ £ |
g~ = 10 20 30 40 10 20 30 40 10 20 30 40
3 10 PANDORA Total Col. NO, (x10"® molec. cm?)
o LW v1.2 v2.3 v2.4
S y Judd et al. 2020, AMT 40
= 04 gl . / ] L -
< i . . . . . TROPOMII (various algorithms) vs. GCAS
0 10 20 30 40 50410'°

Pandora Tropospheric NO, Column

W
o

oo e

Y ———
Techethre
',
p

* Excellent agreement for NO, between GCAS
and Pandora.

TROPOMI Total Col. NO, (x10"® molec. cm?)
N
o

) ] NMB: -12% NMB: -5% NMB: -9%

* TROPOMINO, has low bias. Version 2.3 10 NME : 25% NME : 24% NME : 23%

. . R?: 0.7 R?: 0.7 R?: 0.75

algorlthm haS |€SS Of d IOW bIaS than Other N: 21373 N: 21234 N: 22029
algorithms, V2 has better correlationthan V1.8 o 25 s 7 o 25 s 75 0o 25 5 75

GCAS Total Col. NO, (x10" molec. cm?)



Houston TRACER-AQ September 2021

Observations vs. Observations how do they compare?

GCAS vs. Pandora TROPOMI v2.4 vs. Pandora

5 - 5
—_ : : E : :
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r2 =0.80 and no r2=0.73 and
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Nawazet al., ACP, accepted 38



Houston TRACER-AQ September 2021:

Observations vs. Model how do they compare?

GCAS (molecules / em? [ 1el6)
CAMx AMF

GCAS vs. Pandora
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Houston TRACER-AQ September 2021

CAMx has low column NO, bias over most of Houston

NO, Column (molecules / em? / 10'?) NO, Column (molecules / em? / 10"?)

0O 2 4 6 8 10 12 0 2 4 6 8 10 12
30.2 30.2 GCAS NO, vs. CAMx NO,:
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Correlation between CAMx and GCAS
was very strong (r’>= 0.79) in contrast to
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Why is NO, by itself an important air pollutant?

. . . . In 2019, 1.8 million (95% CI 0.9 - 2.8) children developed
* Impairs cardiovascular function leading to  asthma due to NO, pollution, responsible for 16% of all asthma

pOtentiaI Cardiovascular diseases and (a) Number of new asthma cases due to NO, exposure
premature mortality o o003

O 1,001-2,500
O 2,501-5,000
O 5,001-7,500
O 7,501-10,000
e Causes and exacerbates asthma — | B foooanom
@ 50,001-70,000
@ 70,001=90,000
B 90,001-100,000

* Co-emitted with other harmful pollutants = 200010000

B 400,001-600,000

B 600,001-800,000

(di@SEl PM; VOC air tOXiCS; heaVV metals; EtC.) Achakulwisut et al., 2019; Anenberg, Goldberg et al., 2022

* |Inequitably distributed across the urban
landscape; racialized, marginalized, and
minoritized communities experience higher
levels of this pollutant

Picture courtesy: Roisin Commane, Ph.D.

° Im palrs natu ral VISIbIIIty Acquired March 22, 2021 in New York City, NY



https://twitter.com/roseAtmos/status/1373987755026493446
https://www.thelancet.com/journals/lanpla/article/PIIS2542-5196(19)30046-4/fulltext
https://www.thelancet.com/journals/lanplh/article/PIIS2542-5196(21)00255-2/fulltext

Four(!) satellite instruments measuring column NO, GW

OMI - Ozone Monitoring Instrument
e Datarecord: Oct 2004 — present
* Spat|a| FESO|utI0n' 24 X 13 ka Polar-orbiting Satellite

TROPOMI - Tropospheric Monitoring Instrument
* Datarecord: May 2018 — present
» Spatialresolution: 5.5 x 3.5 km?

Geostationary and Polar-orbiting Satellites

4

TEMPO - Tropospheric Emissions: Monitoring of Pollution Geostationary

Satellite

 Datarecord: May 2018 — present

» Spatialresolution: 5.5 x 3.5 km?

GEMS - Geostationary Environmental Monitoring Spectrometer Animation
f o from UCAR

* Datarecord: Feb 2020 — present
» Spatialresolution: 4.5 x 2 km?

©The c«gifs.com

TROPOMIand »  Polar-orbiting, or low-earth-orbiting, satellites have global
OMl are these coverage but only one snapshot (sometimes fewer) per day.
TEMPO and GEMS Geostationary satellites have partial global coverage, but many

v

are these snapshots (100x, 1000x) per day. "



NO, Cross-Section from Vandaele et al., 1998

9.00E-019

)

1. Radiances measured in the 400-450 nm
visible wavelength region (indigo) are
used to create a total slant column
between detector (700 km) and ground

Absorption cross section (cm” molecule™

7.50E-019 |-
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0.00E+000 |-

1 ' " s ' L '
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Wavelength (nm)

2. Separate stratosphericcomponent from tropospheric
component using model or “clean” tropical measurement

3. Use information from a radiative transfer
model AND chemical transport model to
calculatean “air mass factor” to convert slant
tropospheric column to vertical column

Steps 2 & 3 can be large sources of uncertainty
(especially step 3)

750

7N

Yo V \ﬁ?
Tl passive ’y .«
‘ spectrometer ¥ ”J )y
For more info:
‘ / Levelt et al., 2006

Brandon Shores Power Plant, Maryland
Courtesy: InterstellarDrone 43


https://ieeexplore.ieee.org/document/1624590

