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TEMPO Overview

| Principal Investigator: Xiong Liu (present); Kelly Chance 2012-2024, « Research instrument on a commercial communications

Smithsonian Astrophysical Observatory satellite circling the Earth in a geosynchronous orbit
Project Management: NASA’s Langley Research Center providing constant view of North American.
Instrument Development: Ball Corporation

Satellite Hosts: Maxar, Intelsat » Spectrometer which uses solar backscatter light

Science Team Institutions: EPA, NASA LaRC, NASA GSFC, NOAA, NCAR,  (yltraviolet/visible) to provide daylight measurements on
Harvard, UC Berkeley, St. Louis U, U Alabama Huntsville, U lowa an hourly time basis of key ozone precursors
International collaboration: Korea, Mexico, Canada, Europe (nitrogen dioxide and formaldehyde), ozone, sulfur

dioxide, and aerosols across North America.

STRATOSPHERE

. . * High spatial scale resolution (multi-kilometer) data
A S &y products focused on improving our understanding of

7 temporal and spatial variation of emission sources,
transport, and air quality at scales ranging from urban to
continental, and diurnal to seasonal.

TROPOSPHERE

e Pathfinder instrument to NOAA'’s future GeoXO
Satellite Mission Atmospheric Composition (ACX)
instrument launching in 2030’s.
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TEMPO Timeline

Date Details

December 2012 NASA selects TEMPO as 1%t Earth
Venture Instrument

7 December 2018 TEMPO delivered to NASA

7 April 2023 Launch

2 August 2023 First light (First data collected)

19 October 2023 Nominal Operations

May 2024 NASA/NOAA award GeoXO ACX

18 June 2025 End of TEMPO Baseline Mission

Extended Operations NASA Senior Review

. i

- . i . —
The TEMPO satellite launched April 7, 2023. PN REIEERE e

Credit: Walter Scriptunas/Center for Astrophysics Vo1 Limited 3 weeks released in February 2024
| Harvard & Smithsonian V02 Level 1 (radiances) released in February 2024
Vo3 Level 1 updated, Level 2/3 NO,, HCHO, total O, released

May 2024; 13 May 2024 onwards; reprocessing for August
forward on-going, currently up to Jan 2024. CPU limited.
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Baseline TEMPQO Data Products

Product Validation Status Satellite Needs Working Group
11 Irradiance NRT Beta has funded TEMPO Near-Real-
: Time (NRT) products
NRT
Radiance Beta (expected in 2025)
Radiance (twilight — city lights) Beta
L2 Clouds NRT Beta NOAA GeoXO ACX Team to
NO. NRT Beta product NRT aerosols
2 (more later in presentation)
HCHO NRT Beta
O, (total) Beta
O, (profile) Production/Release on Enhanced research products:
hold Aerosols, SO,, ocean color,
_ city lights
L3 L2 gridded to 0.02° x 0.02°

Future TEMPO products:

*Beta: “minimally validated”, publication “not recommended and highly discouraged”
H,O vapor, glyoxal, BrO, HNO,

—> Hope to go to provisional status after validation team approval

wEPA
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» Facilitated and led by EPA in collaboration with TEMPO Validation and
Science Team, NASA, and NOAA.

SEPAL i

Environmental Topics Laws & Repulations About EPA

== | > Current plan only addresses validation of the TEMPO baseline L2

Science Invento
& data products: ozone, nitrogen dioxide, and formaldehyde.

You are here: £ ce Inve TROPOSPHERIC EMISSIONS: MONITORING OF POLLUTION (TEMPO) PROJECT Level 2 Science Data Product Validation Plan

TROPOSPHERIC EMISSIONS: MONITORING OF > Developed to provide (1) feedback to TEMPO algorithm team on the

POLLUTION (TEMPO) PROJECT Level 2 Science potential source errors in algorithms and (2) guidance on data quality
Data Product Validation Plan and fit for purpose use to science and application community
Citation: “ through routine and systematic (on-going) assessment of

bias/precision/uncertainty.

Szykman, J., L. Valin, K. Chance, X. Liu, G. Abad, C. Nowlan, R. Cohen, D. Flittner, T. Hanisco, J.
Herman, M. Newchurch, M. Johnson, J. Judd, R. Pierce, ). Sullivan, R. Stauffer, AND M. CEMM@epa.pov
Tisdale. TROPOSPHERIC EMISSIONS: MONITORING OF POLLUTION (TEMPO) PROJECT Level2 | ™ Ik CEMM@epa.gov

Science Data Product Validation Plan. NASA, Washington, DC, 2023, >

Pandora spectrometers integrated within the existing air quality
i“:?ajt’ f“rpomsetﬁ s network are a critical component of the validation and potential

applications (collocation helps gain an improved understanding of
satellites ability to measure near surface air quality (preliminary example
later in talk)).

(https://cfpub.epa. gov/S|/S| publlc record Report.cfm?dirEntryld=362165&
Lab=CEMM)

EPA ORD and Air, Climate and Energy Research
Program filled a critical gap for the TEMPO mission» Analysis leverages a comprehensive set of existing measurements

by leading validation efforts and expanding the (ground-based, airborne, and satellite) and analysis from many
Pandonia Global Network ofpandora organizations, (NASA, NOAA, ESA, EPA, ECCC, NCAR, State and
Local agencies, and Universities).

spectrometers across the U.S.

wEPA
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Product Validation Level

Product-Specific Performance Indicators (PSPIs)

Beta Validation: the product is minimally validated but may still
contain significant errors; based on product quick looks using the
initial calibration parameters. Publication of research based on Beta
maturity products is not recommended and highly discouraged.

NO2-01: Distinguish high NO2 urban areas from nearby rural areas for three select urban-
rural scene combinations.

NO2-02: Assess bias and precision for at least one month of retrievals in comparison to
independent correlative measurements to convey an initial characterization to the user
community. The assessment should evaluate TEMPQ’s capability to observe diurnal
variations.

NO2-03: Identify two radiatively homogenous, cloud-clear, low tropospheric NO,
background scenes over a dark surface (e.g., water) and over a bright surface (e.g., snow,
desert) under different solar zenith angles and compute point-to-point variability (1-0) as an
empirical estimate for fitting uncertainty. Compare and communicate empirical estimates
with those derived from the spectral fitting process.

Provisional Validation: product performance has been
demonstrated through a large, but still (seasonally or otherwise)
limited number of independent measurements. The analysis is
sufficient for limited qualitative determinations of product fitness-
for-purpose, and the product is potentially ready for testing by
operational users and may be suitable for scientific publication.

NO2-04: Assess performance metrics (bias/precision/uncertainty) of the tropospheric NO,
product across the CONUS for 1 month period in two seasons, preferably summer and
winter, that includes a range of column densities.

NO2-05: Conduct deep-dive analyses for an episode with relatively poor product
performance, identify the root cause and recommend algorithm improvements.

Full Validation: product performance has been demonstrated over a
large and wide range of representative conditions, with
comprehensive documentation of product performance, including
known anomalies and their remediation strategies. Products are
ready for systematic use and covering the full range of scientific and
application use and publication.

NO2-06: Assess bias, precision, and uncertainty of the tropospheric NO, product across the
CONUS for a wide range of representative conditions over a period of at least one year.

NO2-07: Assess bias, precision, and uncertainty of the tropospheric NO, product over areas
of interest using data gathered during targeted field campaigns.

wEPA
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The PSPI’s are like the EPA Data Quality Objectives (DQO)
Process used to establish performance and acceptance
criteria, which serve as the basis for designing a plan for
collecting data of sufficient quality and quantity to support the
use of the data.
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Figures: Barron Henderson, EPA
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Example Routine Validation Analysis
TEMPO L2 vs TROPOMI L2 Tropospheric NO,

Analysis is focused on assessment of bias and
precision over ozone non-attainment areas (NAA).
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Nitrogen Dioxide Tropospheric Column Density

——msllS—— ] I I S
0 25 50 75 100

x 10*% molecules / cm?

wEPA
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Validation shows TEMPO Level 2 NO,
(& HCHO) meets precision requirement
for >90% of cloud-free scenes at native
pixel resolution versus project
requirement of 4 pixel coadded for
NO, (and 12 for HCHO).

ORD research is working to increase
user access to TEMPO data through the
Remote Sensing Information Gateway
and adding daily visualizations of
TEMPO L2 data (left image) with
overlays of synergistic variables, such
as AirNow, Pandora, and HRRR winds,
release expected late August.

10



days Apr, 2024, =0 & SZA<70° & CLD<0.2 - . ~TEMPO: weekends Apr, 2024, Q=0 & SZA<70° & CLD<0.2 -

R, 4
it .

TEMPO NO, data
mapped to census tracts

(weekdays vs. weekends
in April 2024)

.. ;I;foposphél;itl: Column (u'rr'v:'illlm2 """ | - N0§Tropospherlc Column (u'rr'v:'illlm2 """
60 80 100 120 140 160 180 60 80 100 120 140 160 180

TEMPO Tropospheric Column NO, appears to capture changes in emissions between weekdays and
weekends. Observing these changes on hourly, daily, and seasonal scale can be used to air
assessment of NO, emissions and air quality model performance — direct relevance to NAAQS

Source: NOAA/NESDIS
wEPA
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Using remotely sensed HCHO column from Pandora ground-based spectrometers

100

NewBrunswitkN = : - 100 BayonneNJ T T T or L 100 QueensNY ' ! ! ! : : 100 —promNy :
— Fitted ’ m ) — Fitte — Fitted
R - 055 . e ° o5 [— Fiued] o[=_Fited]
80} ®° © 1 80| 80| 80f
— _ = | =z -
z 60 | 1 2 60| z 60 2 60
=N =9 _E; —
2 i 2 g
g = g 8 40
< N - i
5 4op 1 & 4of 8 4 o
18
8 ]
ol 18| 2ol 18 | ol $ 20 16 =
16 5 16 5 14 2
14 3 oL@ 14 2 4 123
12 o 12 2 2 12
- - 19 : . - . ' ' X 9 ' : : : ' ' : 000 02 04 06 08 ) 12 14
%,g 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 ’ ' ]')GN DS‘II(‘HO ( ) ’ ’
) olumn (DU)
PGN DS HCHO Column (DU) PGN DS HCHO Column (DU) PGN DS HCHO Column (DU)
Using remotely sensed HCHO column from the TEMPO spaceborne spectrometer
100 . : : : 100 : : : : 100 : : : , :
i o - : o o [ | sl . o .
ool :}aivi;unswmkN o © % _ 0F 2= 049 - 90 R%-046 DO R =051 o -
' o 0 30} 80| e 80} o
80| & —
= | = 7l = 7}t
2 7l ° 27 g g
= 2 60t g oor :
= 60 2 2 =
8 S sof S sof 3 sof
o S0 o 2 %
151 = = =
€ . E o0l 5 40} s a0f N
= t Wl
% 18 18
18 30F 16 5 30} 16 5 30} 16 5
30} 16 5 14 & 14 = 12
14 2 S . 124
20 12 2 20} 12 3 20
20 f }(l; = 10 10 o 10
%o oz 04 06 08 10 12 4 o 02 0s o6 05 10 12 14 00 02 04 06 08 10 1214 00 02 04 06 08 10 A2 14
TEMPO HCHO column (DU) TEMPO HCHO column (DU) TEMPO HCHO column (DU) TEMPO HCHO column (DU)

(July to Sep 2023)

Office of Research and Development

Figures: Prajjwal Rawat, NASA LaRC




JoNele 0 provide ne

New York region with daily oversampled TEMPO HCHO column Oversampled at
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Improving Information on Aerosol distributions

\

GOES-16: Atmospheric Aerosol Concentrations Measured TEMPO: Atmospheric Aerosol Concentrations Measured
as Column Optical Depth as Column Optical Depth
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Aerosol Optical Depth at 550nm

TEMPO provides additional information on how much and where in the atmosphere the bulk of fine
particles are versus current GOES 16 Imager. Important for:
« Algorithms that estimate surface fine particle pollution;

« Assessing air quality models performance;

« Understanding smoke plume injection and transport.

\Q’EPA Office of Research and Development
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Qmproving Information on Aerosol distributions

TEMPO combined with
GOES-16 ABI will
provide improved
information ofn
aerosol type and
measure density for
smoke and dust
events.

NOAA/NESDIS is lead
for these products and
plans to provide
products in < 3 hrs.

Source: NOAA/NESDIS
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. TEMPO data now publicly available
through NASA Atmospheric Science Data

Center
— 13 May 2024 onward, August-December 2023
— Reprocessing from Dec 2023 to May 2024

NASA
Worldview

. Multiple tools:
— Earthdata Search, OPeNDAP
— NASA Worldview
— ArcGIS services: currently NO,
— RSIG, including pyrisg (EPA)
— TEMPO-Lite (CfA): currently NO2
— RETIGO: NO, (EPA — updated version coming in

2025)
EPA
. For more information check out: RSIG
— User Guide
— Dalily log

— Validation plan

— Validation reports (coming soon)

— Algorithm Theoretical Basis Documents (drafts
available upon request, not yet reviewed

\"}EPA Office of Research and Development 16
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Hyperspectral
IR Sounder

n
LMX
Lightning
Mapper

| i
| =] Vis/IRImager

=

. Hurricane location / track -
. Severe storms, rain, y;,
. Atmospheric rivers, ;’,:3,.""”
. Winter storms, ice coye, ng

. Wildfire, smoke, voleaniec

. Methane plume m“"itoﬁ"s
. Aviation hazards, turbu,ence

Ocean Color
Instrument

Note:
OCX represented by GLIMR
LMX represented by GLM. >

On May 1%, NOAA/NASA
awarded a contract to
develop the GeoXO ACX
instrument.

ACX performance will be
similar to TEMPO, with
design updates made to
improve lifetime, reliability,
etc. for a 10-year operational
mission.

Development of new science
and applications from TEMPO
are key to the success of ACX.

wEPA
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» TEMPO is currently providing new hourly daytime atmospheric pollution measurements at high spatial
resolution over North America with data products relevant to both the NAAQS (NO,, HCHO, O,) and Air Toxics
(HCHO) which will help provide new insights emissions, transport, and pollutant distributions to the air
quality community.

» TEMPO Level 2 baseline data products availability starts in August 2024, with more routine operations
starting on October 19, 2024 (increased data availability)

» Calibration and validation activities are on-going with a Level 2 validation report scheduled for release in
September along with development of routine validation analysis that will continue through the mission

» Data products (L1b, cloud, NO,, HCHO, total O,) are classified as the Beta validation at this early stage with
several likely to move to Provisional validation in the coming months; TEMPO instrument and science
algorithms are working very well

» New data products (ozone profile, aerosols, and near-real-time) continue to be developed and should be
ready for public release over the next year

wEPA
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Jim Szykman

Senior Research Engineer Th k Y '
Center for Environmental Measurements and Modeling a n o u o
US EPA Office of Research and Development

Szykman.Jim@epa.gov

Disclaimers: The views expressed in this presentation are those of the authors
and do not necessarily represent the views or the policies of the U.S.
Environmental Protection Agency.

Any mention of trade names, products, or services does not imply an |
endorsement by the U.S. Government or the U.S. Environmental Protection e =
Agency. The EPA does not endorse any commercial products, services, or
enterprises.
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NO2 Column QueensNY, 3 March 2024

%10
. . 4 —_—
Baseline cloud radiance AMF Trop = 0.284 0.454 0.461 * AMF Cloud Fraction = 0.375 0.362 0.383 |
fraction bias, ~0.4 for all 3 . ]
pixels for clear sky £ 3~ 7
§2.5 = 5 e -
Likely due to albedo 2 - . * N ! o anpan S
and/or L1 radiance %15 B . o ' E , .l- ’ § ‘QueensNY 58
calibration 8 | T e -,‘l‘ >~ SN GOES-ABI |
= e ® ‘w L) y ‘ ¢ -
nl b 3 STV TR I Pandora (blue) | EENVETTPIPIA
Translates to NO2 | | | TEMPO neighbor p‘iXE|5 (red) Courtesy Brad Pierce
0k |
biases/uncertainty 0303 06 0303 09 0303 12 0303 15 0303 18

While a single example, this source of uncertainty is very common, especially for
morning conditions when NO2 columns are generally most shallow and
measurement geometry is challenging

wEPA
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TEMPO Instrument Overview €::3

* Wavelength range = UV~293 — 494 nm and VIS 538 — 741 nm
 Spectral resolution = ~0.6 nm @Full Width Half Maximum (0.54-0.63 nm)
* Two 2048 (spatial) x 1024 (spectral) pixel CCD detectors

 Step/stare 2-axis scan mechanism

» Each mirror step is a ~2.85 s snapshot of all 2K N/S cross-track pixels.
* 60 minute E->W scan of FOR in 1226 mirror steps

« Orbit = geostationary (35786 km), 91.0° W above equator

« Calibration wheel with transmissive diffusers for daily solar calibration
* Instrument Control Electronics (ICE) mounted below spacecraft deck
Sk IS—.40e. : * Images co-added on board before data downlink

Image Credit: Maxar. * Mass: 137 Kg Power: 138W Volume: 1.4mx 1.1mx 1.2 m

Downlink, spatial
bin, image

Short A Long A reconstruction
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Popular Air Quality Data Sets:

Air Quality System (AQS)

RSIG User
-GUI Surface

-Scripts Measurement
-pyrsig Data

I:\ _,':"I I AirNow :
a | N —

| h -
Gpernicus . : " M

programable scripts (APIs)

Satellite Data

CALIOP
& TEMPQ

Moderate Resolution Imaging Spectroradiometer (MODIS)
Visible Infrared Imaging Radiometer Suite (VIIRS)
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP)

EPA’s Air QUAIity TimE Series (EQUATES)

TROPOspheric Monitoring Instrument (TROPOMI)
Tropospheric Emissions: Monitoring of POllution (TEMPO)
High-Resolution Rapid Refresh (HRRR)

\Q’EPA Office of Research and Development
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