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A Currently on-schedule and on-budget

A System Requirements Review and Mission Definition Review in
November 2013

KDP-B April 2014

Most technical issues solved at the preliminary design level, following
technical interchange meeting at Ball, April 2014

PDR on July 31, 2014

Now in Phase C (implementation): KDP-C April 10, 2015
Instrument CDR June 2015

Ground Systems CDR May 2016

A Test Readiness Review August 2016

A Select satellite host 2017+

A TEMPO operating longitude and launch date are not known until after
host selection

o Po o To Do Dw

A Instrument delivery 08/2017 for launch 11/2018 or later, most
likely in 2020 or 2021
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Instrument Development: Ball Aerospace Trposphesic. Emisslons:

Monitoring of Pollution

Project Management: NASA LaRC

Other Institutions: NASA GSFC, NOAA, EPA, NCAR, Harvard, UC
Berkeley, St. Louis U, U Alabama Huntsville, U lowa, RT Solutions, Carr
Astronautics

International collaboration: Mexico, Canada, Cuba, Korea, UK,

ESA, Spain, Netherlands

and climate forcing in Greater North America.

tion
pollw
i of

LLCALEEL i arts
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ANASA will arrange hosting on commercial geostationary
communications satellite with launch expected NET 11/2018

Provides hourly daylight observations to capture rapidly varying
emissions & chemistry important for air quality
AUVisible grating spectrometer to measure key elements in
tropospheric ozone and aerosol pollution
ADistinguishes boundary layer from free tropospheric & stratospheric
ozone

Aligned with Earth Science Decadal Survey recommendations
AMakes many of the GEO-CAPE atmosphere measurements

AResponds to the phased implementation recommendation of GEO-
CAPE mission design team

North American component of an international constellation for air quality observations
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A Measurement technique
- Imaging grating spectrometer measuring solar backscattered Earth radiance
- Spectral band & resolution: 290-490 + 540-740 nm @ 0.6 nm FWHM, 0.2 nm
sampling
- 2 2-D, 2kx1k, detectors image the full spectral range for each geospatial scene
A Field of Regard (FOR) and duty cycle
- Mexico City/Yucatan, Cuba to the Canadian oil sands, Atlantic to Pacific
- Instrument slit aligned N/S and swept across the FOR in the E/W direction,
producing a radiance map of Greater North America in one hour
A Spatial resolution
- 2.1 km N/S x 4.7 km E/W native pixel resolution (9.8 km?)
- Co-add/cloud clear as needed for specific data products
A Standard data products and sampling rates
- Most sampled hourly, including eXcelL O (troposphere, PBL)
- NO,, H,CO, C,H,0,,SO,sampledhour |y (average resul
- Nominal spatial resolution 8.4 km N/S x 4.7 km E/W at center of domain (can
often measure 2.1 km N/S x 4.7 km E/W)
- Measurement requirements met up to 50° for SO,, 70° SZA for other products
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(Selected Scenes) 10 ppbv 2 hour
Baseline only
Tropospheric Q 10 ppbv 1 hour
Total G 3% 1 hour
Ao slorTalp IR N[®RR 1.0 x 10*° molecules cn? 1 hour
Tropospheric BCO [ MoR (oo lo] [Yol¥] [CIS¥el1 ¢ 3 hour
Tropospheric S© = IR {02 yile] [Tl [Ny 3 hour
W0 eleks o l=lilena =08 4.0 x 10 molecules cn# 3 hour
Aerosol Optical Depth 0.10 1 hour

Minimal set of products sufficient for constraining air quality
Across Greater North America (GNA): 18N to 58AN near 100AV, 67AN to 125AN near
42AN

Data products at urban-regional spatial scales
i Basel i ne 2dcebtér ofkFirald Of Regard (FOR)
i Threshold O300 km2at center of FOR

Temporal scales to resolve diurnal changes in pollutant distributions
Collected in cloud-free scenes
Geolocation uncertainty of less than 4 km

Mission duration, subject to instrument availability
i Baseline 20 months

T Threshold 12 months
October 13, 2016
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A Geostationary orbit, operating on a commercial telecom satellite
o NASA will arrange launch and hosting services (per Earth Venture Instrument scope)
- 80-115° W acceptable latitude
- Specifying satellite environment, accommaodation
o Hourly measurement and telemetry duty cycleforat | @8 SzZA O
A TEMPO is low risk with significant space heritage
o We proposed SCIAMACHY in 1985, as suggested by the late Dr. Dieter Perner
o All proposed TEMPO measurements have been made from low Earth orbit satellite
instruments to the required precisions by SAO and Science Team members
o All TEMPO launch algorithms are implementations of currently operational algorithms
-  NASA TOMS-type O,

- SO, NO,, H,CO, C,H,0, from fitting with AMF-weighted cross sections
- Absorbing Aerosol Index, UV aerosol, Rotational Raman scattering cloud
- SAO eXcelL profile/tropospheric/PBL O for selected geographic targets
A Example higher-level products: Near-real-time pollution/AQ indices, UV index
A TEMPO research products will greatly extend science and applications
o Example research products: BrO and IO from AMF-normalized cross sections; height-
resolved SO,; additional cloud/aerosol products; vegetation products; additional gases
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Figure 7. Nominal daily operations for TEMPO instrument.
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11-28-2011 DRAFT GEO-CAPE aerosol-atmospheres Science Traceability Matrix BASELINE and THRESHOLD

Science Questions

Measurement Objectives
(color flag maps to Science Questions)

Measurement Requirements
(mapped to Measurement Objectives)

Measurement Rationale

Air quality
requirements

from the GEO-
CAPE Science

Traceability

Matrix

October 13, 2016

B What are the
temporal and
spatial variations
of emissicns of
gases and
aerosols important
for air quality and
climate?

Bl How do physical,
chemical, and
dynamical
processes
determine
tropospheric
composition and
air quality over
scales ranging
from urban to
continental,
diurnally to
seasonally?

3. How does air
pollution drive
climate forcing
and how does
climate change
affect air quality
on a continental
scale?

4! How can
observations from
space improve air
quality forecasts
and assessments
for societal
benefit?

5. Howdoes
intercontinental
transport affect air
quality?

Bl How do episodic
events, such as
wild fires, dust
outbreaks, and
volcanic eruptions,
affect atmospheric
composition and
air quality?

[Baseline measurements ;

03, NO2, CO, S02, HCHO, CH4, NH3, CHOCHO,
different temporal sampling frequencies, 4 km x 4
km product horizontal spatial resolution at the center
ofthe domain; and AOD, AAOD, Al, aerosol optical
centroid height (AOCH), hourly for SZA<70 and 8 km

Geostationary Observing Location: 100 W +/-10

Provides optimal view of North America.

Column measurements:
All the baseline and threshold species

Continue the current state of practice in
vertical; add temporal resolution.

Cloud Camera 1 km x 1km horizontal spatial
resolution, two spectral bands, baseline only

Improve retrieval accuracy, provide
diagnostics for gases and aerosol

x 8 km product horizontal spatial resolution at the
center of the domain.

hr I{ '
CO hourly day and night; 03, NO2 hourly when
SZA<70; AOD hourly (SZA<50) ; at 8 km x 8 km
product horizontal spatial resolution at the center of
the domain.

Vertical information:

Two pieces of information in the | O3 CO

Separate the lower-most troposphere

Altitude (+/ 1km) (baseline only)

troposphere in daylight with (Baseline and
sensitivity to the lowest 2 km Threshold) from the free troposphere for O3, CO.
AOCH Detect aerosol plume height; improve

retrieval accuracy.

Measure the threshold or baseline species or
properties with the temporal and spatial
resolution specified (see next column) to quantify
the underlying emissions, understand emission
processes, and track transport and chemical
evolution of air pollutants [l & 3, 4 5.

Measure AOD, AAOD, and NH3 to quantify
aerosol and nitrogen deposition to land and
coastal mgiunsi

E Measure AOD, AAOD, and AOCH to relate
surface PM concentration, UV-B level and
ii]sibi\itytn aerosol column loading il B 3. & B,

Determine the instantaneous radiative forcings
associated with ozone and aerosols on lha

Product horizontal spatial resolution at the center of

the domain, (nominally 100W, 35 N ): [

continental scale and relate them guanti
to natural and anthropogenic emissions [3, 5 i]

Observe pulses of CH4 emission from bmgsm:

and anthropogenic releases; CO

and wildfire emissions; AOD, AAOD, and Al frnm
fires; AOD, AAOD, and Al from dust storms; SO2
and AOD from volcanic eruptions

Quantify the inflows and outflows of 03, CO,
802, and aerosols across continental

to determine their impacts on surface air quality
and on climate [@ 3 5]

Characterize aerosol particle size and type from
spectral dey ndanca measurements of AOD and
AA0D [l is

Acquire measurements to improve
representation of processes in air quality models
and improve data assimilation in forecast and
assessment models

n Synthesize the GEO-CAPE measurements with
information from in-situ and ground-based
remote sensing networks to construct an
enhanced observing system [l £ 3, 4. 5. B

Leverage GEO-CAPE observations into an
integrated observing system including
geostationary satellites over Europe and Asla

Hourly,

93 Isza<7g

together with LEO lites and
platforms for assessing the hemispheric transport

Integrate observations from GEO-CAPE and
other platforms into models to improve
representation of processes in the models and to
link the observed compasition, deposition, and
radiative forcing to the emissions from
i]nthropogerlic and natural sources ﬂ I 3,

4 km x 4 km (baseline), Gases
8 km x 8 km (threshold) Capture spatialtemporal variability, obtain
Aerosol better yields of products.
8 km x 8 km (baseline, threshold) | Eo00, .
. Over open Inherently larger spatial scales, sufficient
18 kmx 16 km (baseline only) | ;cean to link to LEO observations
Spectral region : Typical use
UV-Vis or UV-TIR 03 Provide multispectral retrieval information
SWIR, MWIR co in daylight
uv S02, HCHO
SWIR CH4 Rletrievi gas spe;iesl I'rpm t‘:eir (typical)
atmospheric spectral signatures ical
TIR NH3 i P 9 P
. Obtain spectral-dependence ofADD for
Vis AOD, NO2, CHOCHO particle size and typa i \
Obtain spectral-dependence of AAQD for
UV-deep blue AAOD aerosol type information
UV-deep blue Al Provide absorbing aerosol infc
Vis-NIR AOCH Retrieve aerosol height !
A P over Land, | areas, baseline and
Species Time

Sols nearfabove clouds and
5 ; aerosol events
Determine plume helg t; large scale
transport, conversions from AOD to PM

only, 16 km x 16 km

Over open oceans, capture long-range transport of
1/day pollution, dust, and smoke intofout of North America;
establish boundary conditions for North America

AQD=Aerosol optical depth, AAOD=Aero

pth, Al=Aerosol index. See next page for footnotes.
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Atmospheric measurements over Land/Coastaf areas, baseline and threshold: [LE(Ja

Infrared
species

Ultraviolet/
visible
species
(GOME,
TEMPO,
etc.)

. Time Typical .. .
Species e | e Precision Description
0-2 km: 10 ppbv | Observe O3 with two pieces of
Hourly, 9x10'8 2km—tropopause: |information in the troposphere with
SZA<T0 15 ppbv sensitivity to the lowest 2 km for surface
Stratosphere: 5% | AQ; also transport, climate forcing
. Track anthropogenic and biomass
AL 18 DR LG ZUBfEleY _|burning plumes; observe CO with two
day and 2x10 2km—tropopause: | _. . o . !
night 20 boby pieces of information in the vertical with
g 9 PP sensitivity to the lowest 2 km in daylight
4 Hourly Observe total aerosol; aerosol sources
o2 SZA<70 el = . and transport; climate forcing
Hourly, 15 15 Distinguish background from enhanced/f
@02 SZA<70 el =0 polluted scenes; atmospheric chemistry
Additional atmospheric measurements over Land/Coastal areas, baseline oniy: [lif{<}
: Time Typical .2 _—
Species N I EIST vajue 2 FPrecisionn © | Description
. 18 16 Observe biogenic VOC emissions,
e 1=t expected to peak at midday; chemistry
3/day, SZA<50 |1x10' 1x10'8 Ide_ntlf_y milajor pollutlon_ and vo_lcanlc
emissions; atmospheric chemistry
2/day 4 x10'? 20 ppbv Obfser_ve anthropogenic and natural
emissions sources
2iday 2x10"° U L Observe agricultural emissions
2ppbv
HO* | 2/day 25104 4x10"* Detect_VOC emissions, aeros_ol
formation, atmospheric chemistry
Distinguish smoke and dust from non-
A, SEAi 0= 008 ) G UV absorbing aerosols; climate forcing
Hourly, SZA<70|-1 — +5 0.1 Detect aeroso_ls nearfabove clouds and
over show/ice; aerosol events
. Determine plume height; large scale
AU, B WamEhlie | Lo transport, conversions from AQD to PM
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A full, minimally-redundant, set of polluting
gases, plus aerosols and clouds is now
measured to very high precision from
satellites. Ultraviolet and visible spectroscopy
of backscattered radiation provides O,
(including profiles and tropospheric O;), NO,
(for NO,), H,CO and C,H,0O, (for VOCs), SO,,
H,O, O,-0O,, N, and O, Raman scattering, and
halogen oxides (BrO, CIO, IO, OCIO). Satellite
spectrometers we planned since 1985 began
making these measurements in 1995.
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