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Status and data availability of the NASA Plankton, Aerosol, Cloud, ocean Ecosystem
(PACE) mission and the PACE Postlaunch Airborne Experiment (PACE-PAX)

Kirk Knobelspiesse, NASA Goddard Space Flight Center, Greenbelt, MD, USA and the PACE and PACE-PAX teams



EUROPEAN SPACE AGENCY

Or: PACE and EarthCARE as Venn diagrams e gk =y esa

Earth Cloud,
Aerosol and

Radiation Explorer
(EarthCARE)

Science objectives

Plankton, Aerosol,
Cloud, ocean
Ecosystem Mission
(PACE)

Aerosols

Ocean color Precipitation

Clouds

Terrestrial Radiation

properties

pace.gsfc.nasa.gov
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PACE and EarthCARE have different mstrument
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EUROPEAN SPACE AGENCY

Science instruments

Ocean Color Instrument
(OCI)*

Spectro-Polarimeter for
Planetary Exploration one
(SPEXone)

Hyper-Angular Rainbow
Polarimeter 2 (HARP2)

*primary
instrument

Atmospheric LIDar (ATLID)
Cloud Profiling Radar (CPR)
Multi-Spectral Imager (MSI)

Broad-Band Radiometer
(BBR)
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PACE instruments s x4 @esa

EUROPEAN SPACE AGENCY

OcClI

340-890 nm in 2.5 nm steps, 7 discrete SWIR: 940-2260 nm
1-2 day coverage; £20° tilt; 1.2km

NASA Goddard Space Flight Center

Primary instrument is a wide swath imaging spectrometer with high accuracy

HARP2

440, 550, 670, 870 nm, 10-60 viewing angles
wide swath polarimeter; 3 km resolution, gridded to 5.2km
University of Maryland Baltimore County
Contributed wide swath imaging polarimeter

SPEXone

380-770 nm in 2-4 nm steps, 5 viewing angles
narrow swath polarimeter; 2.5 km, gridded to 5.2km
SRON, Airbus NL

Contributed narrow swath imaging spectrometer
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PACE instruments M T Qesa

EUROPEAN SPACE AGENCY

Mission Status

Phase E (prime mission operations) through mid-Apr 2027
PACE expects to be considered for mission extension (2027-2029; TBC).
Lifetime fuel ~10 years

All instruments and the spacecraft are operating nominally
processes to address, quickly recover from, or permanently mitigate all anomalies have
been established/executed

Required (heritage) products available; advanced* are available

and emerging
* OCI phytoplankton community composition, land, coastal + inland aquatic, others
* All polarimetric geophysical datasets

Recent reprocessing oceancolor.gsfc.nasa.gov/data/reprocessing
* OCl version 3.2
* HARP2, SPEXone, version 4.0
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PACE atmosphere product suites

esa

EUROPEAN SPACE AGENCY

More info: https://pace.oceansciences.org/data table.htm

Trace Gases [TRGAS]: Column NO,, Ozone

OCI| ==

SPEXone .

OCI Clouds [CLOUD]: Cloud top pressure/height, COD, Column water
path, Ice fraction, Droplet effective radius

UV Aerosol Index [UVAI_UAA]

1.2x1.2km

—

8.4x8.4km

Unified Aerosol Algorithm [AER_UAA]: AOD, AODj,, Aerosol layer } 7x7 grid: nadir

height, SSA

Polarimetric Clouds [CLOUD GPC]: Droplet effective radius, Droplet ™
effective variance, Cloud liquid water path, Cloud droplet number
concentration, Cloud liquid index

FastMAPOL [MAPOL_OCEAN]: AOD, SSA, Aerosol
size/shape/refractive index, Aerosol height, ocean properties ocean only

RemoTAP [AER_RTAPLAND, AER_RTAPOCEAN]: AOD, SSA, Aerosol

resolution

Swath based
L. COMmMmon

Level 1C grid

5.2x5.2km

size/shape/refractive index, Aerosol height, ocean/land reflectance/BRDF —

EarthCARE 2026 Science and Validation Workshop | 8 — 12 June 2026 | Rhodes House | Oxford, UK


https://pace.oceansciences.org/data_table.htm

PACE atmosphere product suites

More info: https://pace.oceansciences.org/data table.htm

Product suites in development

MAIAC: Aerosol, surface properties (OCI)
AtmoNR: volumetric 3D cloud reconstruction ( )
GRASP: aerosol, surface properties ( )

FastMAPOL Coastal: aerosol by component, detailed ocean properties (

FastMAPOL Land: aerosol, land BRDF, BPDF ( )

MAPP: 3 sensor synergy aerosol, ocean products (OCI +

+ SPEXone)

)
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https://pace.oceansciences.org/data_table.htm

EUROPEAN SPACE AGENCY

AOD550 AE_440_670 (AOD550>0.05) SSA440 (AOD550>0.05)
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Fu, G., et al: Aerosol Retrievals From SPEXone on the NASA PACE Mission: First Results and Validation, Geophysical Research Letters, 52(4), e2024GL113525, https://doi.org/10.1029/2024GL113525, 2025.
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EUROPEAN SPACE AGENCY

PACE-PAX

PACE Validation

Other activities

Science Team ORCHESTRA | by EarthCARE
NightBLUE Validation
NASA GSFC P
Field Support ARCSIX egramme
Group (and more)

https://pace.oceansciences.org/pvstdoi.htm
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September 3-30t", 2024, California and vicinity

PACE-PAX website: https://pace.oceansciences.org/pace-pax.htm
Ocean archive (SeaBASS) DOI: 10.5067/SeaBASS/PACE-PAX/DATA001
Atmosphere archive (ASDC): DOI: 10.5067/SUBORBITAL/PACE-PAX/DATA001

AN PACE +ESAIJAXA

NASA GODDARD ‘ EarthCARE

PACE-PAX Highlights
Other assets
* R/V Blissfully: ocean sampling sailboat
. U. Delaware in water gliders + 13 NASA ER-2 science flights, 80.9 flight hours
» HyperNAV vicarious calibration floats « 17 NPS/CIRPAS Twin Otter flights, 60 flight hours
. AERONET sun photometer sites . 15 d tri f1h R/V Sh t
Satellite proxy and other - CEOBS NRL Monterey Bay supersite ay trps orthe earwater
remote sensing / : FB’A%E PVS;— cooch/j\i/n;tedhengrts from Santa * 9 day trips of the R/V Blissfully
. B arpara ana on ache arson . .
instruments ‘&—\Q}_{:’g + Bright desert caliration reference at 16 days of observations during a PACE overpass
e Railroad Valley, NV, and Ivanpah Playa, CA 6 days of observations during an EarthCARE overpass
— » Ground vicarious calibration at Ivanpah Playa, CA,

overflights of Railroad Valley, NV

CIRPAS TWIN OTTER
/ NAVAL POSTGRADUATE SCHOOL
In situ aerosol and

|R/V SHEARWATER & ™ e
cloud sampling

NOAA
S
In and above water ocean ._ §
and atmospheric sampling i LS r\______
_ - 7 s;;a:. =1 ] %

* Many overflights of AERONET, NEON, CEOBS ground

sites
Wildfires in Southern California, Red tides, and other
events

HSRL-2 lidar on ER-2 useful for ATLID validation

EarthCARE 2026 Science and Validation Workshop | 8 — 12 June 2026 | Rhodes House | Oxford, UK
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PACE Postlaunch Airborne eXperiment (PAC:éf‘-PAX) ,gam esa

20.32-20.34 UTC
(a) ER2 TO (b) CTH from in-situ (TO) 300
Example cloud =y EEE. SR
algorithm validation PACE i ,
with PACE-PAX data NASA GODDARD! ? / =
from Sept 4, 2024 e Gerber PYM (TO) | %% o
° -250 3
A HARP2 o CAS(TO) . o8 {; : 2
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o0 8 :. - :
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Daytime Daytime

ascending . descending
Orbit track
13:00 local 14:00 local

crosses cquator

dally at crossing
~ 45°S 393km altitude

equator crossing

676km altitude

Analysis & animation: Montserrat Pinol Sole
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pace-earthcare-matchups (PEM)

EUROPEAN SPACE AGENCY

~ () GitHub - seanremyjpace-sar X aF

2 https:f/github.com/seanremy/pace-earthcare-matchups

PACE & EarthCARE Extents
O Platform Solutions Resources Open Source Enterprise Pricing C 2026-03-16 17:"‘“"’0

9 seanremy | pace-carthcare-matchups e 9 pace-earthcare-matchups (PEM) is a python
T TneD Thme oem The Dheen o library to search, filter, download and intercompare
- coincident PACE and EarthCARE data
9 seanremy Merge pull request #27 from seanremy/token-.. @8 . 7e47bba- 8 minutes ago  ¥t) 90 Commits ::2::; ’ e
B .githubfworkflows update pip before installing dependencies 28 minutes ago
(S pewalii « PACE data via either NASA MAAP or Earthaccess
- i I « EarthCARE data accessible through ESA MAAP
I notebooks update instructions, improve tutorial 2 months ago ® o Ea | 'v E . <
B src/pace_earthcare_matchups raise error if ESA token expired, or warning if e... 10 minutes ago W2 L = 4 @ o ,‘ ''''' EarthCARE_ATL
I test add support for viewing and loading existing m... 3 months ago Report i EarthCARE—CPR
0 s - See poster P039 (day 1/3), Sean Foley
i e || SN (= PAC 0L L1550 “PACE / EarthCARE Matchups (PEM): An intercomparison
[ pyproject.toml sphinx, pages, and actions 1 hour ago :| PACE_SPEXOI’IE_LIC_S(I . .
Packes library in Python for the NASA Plankton, Aerosol, Cloud,

Mo packages published

S ocean Ecosystem (PACE) and EarthCARE missions”

Contributors 1

pace-earthcare-matchups (PEM) @ seorvemysean oy

Search, filter, download, and intercompare PACE and EarthCARE data, all with a few lines of
Python. With a variety of utilities, pace-earthcare-matchups (PEM) simplifies all stages of PACE | Languages

EarthCARE intercomparisons, deduplicating coding effort and improving reproducibility. g i th u b . comls ea n re mylp a ce _e a rt h ca re _m atc h u ps

; ) . . ® Python 100.0%
Here is a simple example, which searches for all PACE OCI L2 Cloud granules on a specific day, and
finds the overlaps with two EarthCARE products. The filtering uses metadata to avoid unnecessary
downloads. Only matching files are downloaded, and masks between matching products are
computed and stored for later. The last step is to plot the results!

matchuns = nat matehuncl 0

EarthCARE 2026 Science and Validation Workshop | 8 — 12 June 2026 | Rhodes House | Oxford, UK 13



pace-earthcare-matchups (PEM)

EUROPEAN SPACE AGENCY

PEM example: PACE FastMAPOL Aerosol layer height (ALH) validation with respect to EarthCARE/ATLID

PACE/HARP2 FastMAPOL ALH PACE/SPEXone FastMAPOL ALH
Ih Difference (PACE-Validation Target) 10 . .
180° 120°W a 60'.\:ren 9 0 : 'onﬁo,g = 120°E 180° L80° o alh 6lz)n.ff‘.‘tlerence (PA%E-VahdatnonsEe:;get) o L80e 2
. 9
60°N 60°N
1
30°N : . % 30°N %
S =
0 g 0 o ¢
305 O ‘ ® 2o ~ a & e 78 — £
O | d .0 §e 0’ 2 .I o ConPPe8E200 65 0% me 0 9P Tog o B 0 o 5
60°S L 4 60°S
6 e L - ®
180° 120°W 60°W 0° 60°E 120°E 180° 180° 120°W 60°W 0° 60°F 120°F 180° =

From Meng Gao
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PACE (NASA Earth Science) data access.

In addition to PEM, one can use:

esa

EUROPEAN SPACE AGENCY

worldview.earthdata.nasa.gov

@ 0 ® v & NASAWorldview x o+

€« G % https://worldview.earthdata.nasa.gov/?v=-135.63299416715915,24.1120176652366.. [X & #* ©} @

i P e v o 5.f._. e ]
rch for pl r ent nates o |

wi \Norldview

\\‘; Layers @ Events & Data @

Place Labels
Sources: Esri, TomTom, Garmin, FAO, NOAA,
USGS, © OpenStreetMap contributors, and
the GIS User Community

@ Coastlines / Borders / Roads
© OpenStreetMap contributors

Coastlines
© OpenStreetMap contributors

ITAL TRACK

! EarthCARE - Orbit Track & Time
@ EarthCARE / Space-Track.org

m isition Time (UTC) ing/D... 4§

PACE - Orbit Track & Time
] @ | PACE/ Space-Track.org

E Time (UTC) - i Y

ORBITAL FLIGHT TRACKS

NASA ER-2 Flight Track (Per Flight)
@ PACE-PAX/NASA ER-2
[] Attitude (M)

w CORRECTED REFLECTANCE

- + Add Layers + Group Similar Layers

1
Start Charting Start Comparison

This realization: https://go.nasa.gov/4ufX3fG

search.earthdata.nasa.gov

® O @® v & PACESPEXonelevel-2Regic X  +

< c 25 https;, ch.earthdata.nasa ch/gr ?p=C3555839907-0B_CLOUD&pg(0] [V]=f... ¥¥ o3 s

#s# | EARTHDATA SEARCH Find a DAAC - Feedback

Q, SPEXone Search AR 7 2026-02-01 11:14:24
: 026-02

) Log In

FRANCE

Y Filter Granules

Granule Search

Granule ID(s) &

Temporal

Start

YYYY-MM-DD HH:mm:ss

End

YYYY-MM-DD HH:mm:ss

PACE SPEXone Level-2 Regional LandiPro
2022 2023 2024

earthaccess.readthedocs.io

Print all available datasets

results=earthaccess. search_datasets{keywords"pace-pax")
for iten in results
sunmary = iten.su
ne” 1}

T — Python library for

PACE-PAX_Tvanpah-Flaya_Data
PACE-PAX_AircraftRenateSensing ER2_RSP_Data
PACE-PAX MetNav_AircraftInsitu_ER2_Data

PACE-PA_A1reraftAenateSens ing_ERZ_PRISN-PICARD-LIC Data a a acce SS
PACE-PAX_AircraftRenateSensing ER2_AIrHARPZ-MAP Data

PACE-PAX_AircraftRenateSensing ER2_HSRL2 Data
PACE-PAX_AircraftRenotesensing ER2_SPEXALRBORNE Data
PACE-PAX Analysis_ER2_Data
PACE-PAX_Analysis_ISARA_Data
PACE-PAX_LARGE-Aerosal_Marina-Tower_Data
PACE-PAX_Analysis_CIAPAS-TO_Data
PACE-PAX_CIRPAS-Facility_Aircrattinsitu_CIRPAS-TO_Data
PACE-PAX_LARGE-Aerosal_Aircraftinsity_CIRPAS-TO Data
PACE-PAX_L iNeph_AircraftInSitu_CIRPAS-TO Data
PACE-PAX

Level 3 & 4 browser
oceandata.sci.gsfc.nasa.gov/I3/

v @ NASA Ocean Color x  +

2% https:/joceandata.sci.gsfc.nasa.gov/I3/ b4 @\

@2 OCEAN COLOR @’
” OB.DAAC | OBPG

About ~ Access Data -~ Monitoring Tools ~ Resources - Help ~ Gallery Forum

Quick Links =

LEVEL 3 & 4 BROWSER

LOGIN #

Level 3 & 4 Browser

© Extract or Download Data @ Help

Product Status | Instrument. Product |Period |Resolution
Provisional ~ || PACE-HARPZ ~|[an ~ ‘Da\\y ~ ‘ 0l-deg v
Start Date 2024-02-22 End Date |2026-06-05

Previous PACE-HARP2

all

Thu, 2 Apr 2026

Sun, 29 Mar 2026 Mon, 30 Mar 2026
L3) 3

Includes test products, not cloud based
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Thank you!

For emailed updates, news, trainings, and more,
join the PACE Community of Practice

pace-community-join@lists.nasa.gov
(subject “subscribe”)

pace.gsfc.nasa.gov

Help Hub: nasa.github.io/oceandata-notebooks

Other links in this talk:

PACE data table pace.oceansciences.org/data_table.htm

PACE reprocessin oceancolor.gsfc.nasa.gov/data/reprocessing
PACE-PAX website pace.oceansciences.org/pace-pax.htm
PACE-PAX ocean DOI 10.5067/SeaBASS/PACE-PAX/DATA001
PACE-PAX atm. DOI 10.5067/SUBORBITAL/PACE-PAX/DATAQ01
PEM github.com/seanremy/pace-earthcare-matchups

Worldview worldview.earthdata.nasa.gov

Earthdata Search search.earthdata.nasa.gov

Earthaccess earthaccess.readthedocs.io

PACE Level 3&4 browser oceandata.sci.gsfc.nasa.gov/I3/

Image at left: PACE OCI, April 10, 2025
https://oceandata.sci.gsfc.nasa.gov/gallery/811
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PACE & EarthCARE shared a vehicle to space ¢ : e -’ esa

Launch vehicle

SpaceX Falcon 9

Block 5
B1081

8 February 2024
Cape Canaveral, Florida

28 May 2024
Vandenberg, California
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“what you should know about PACE

EUROPEAN SPACE AGENCY

Known data issues Chl-a (mg m~3)
©
PACE is already providing high-quality data. However, some issues have to be noted before using it. Some particular bands, influenced by instrument or Ll Bland-Altman Plot Scatter Plot
atmospheric characteristics, should be avoided for the moment. £
Other issues affect the entire dataset, and some events affect data availability. See below for details. o 1 L5
Reference spectra (for indicative purposes) 3 1
[ [1+]
- —
1 £ 05
- © U
o = uo,
N £ )
"
T K ot . E . Slope: 0.960
N lI'\_ 3 0.5 Number of Points: 120 -0.5 Intercept: 4.68e-02
Mean Bias: 5.18e-02 Linear Correlation: 0.910
L g Limits of Agreement: [-2.13e-01, 3.16e-01] 1 Rank Carrelation: 0.877
o 1 Rank Correlation: -0.159 RMSE: 2.70e-01
' U; B Bias Independent MAE: 2.09e-01
[ -1.5
! o -1 -0.5 0 0.5 1 1.5 -1.5 -1 -0.5 0 0.5 1 1.5
Paired Mean, (PACE Chl-a + In situ Chl-a)/2 In situ Chl-a
Wavelength: Atmosphere transmittance (nm) SeaBASS Validation Generated: 22 Dec 2025
316 : 2258
Wavelength: Normalised Rrs (nm) Val idation = e 0
315 | I 250 '
: - . . Viewer
SENSOR INFO United Kingdom:
. Sensor: PACE OCI Fenepyeh
Problematic bands Veroiom: 31

Hover over the bands to get more information about the issues. The ocean normalized surface reflectance (rhos) and atmosphere transmittance spectra are shown as e O Fomania

a reference. DATE RANGE @.w b
Sen sor 04/17/2024 09/27/2025 [m] w
Fiterby fe )
o
ocl

OVERLAY

© None (OpenLayers default) , .
@ True Color (PACE OCI) ° Tehad slis’ g lasa

@ Chiorophyll-a (PACE OCI) . - Nigeria Shuth Stidah ArTAS
gl s Saomaaiiya
ool
HARPZ Reset Overlay en
QUALITY & GEOMETRY Mogambigue
SPEXone SZA ()

PACE ) mbac

350 400 500 600 700 800 1,000
Wavelength (nm)

Change gradient

. Avoid using data Use with caution Safe to use

Customize gradient colors —

© OpensreetMap contributors, 1 8
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Other relevant talks and posters

~ L

£ Cesa

EUROPEAN SPACE AGENCY

Today
1306 10:30 |12 Exploration of novel observations and multi-instrument synergy for studying aerosol | Oleg Dubovik
and aerosol-cloud interaction in the frame of AIRSENSE project
Friday
1503 9:24 12 Advancing Ocean and Land Surface Remote Sensing with EarthCARE’s lidar Gerd-Jan Van Zadelhoff
ATLID
1504 9:36 12 The OCEAN (Ocean Color EarthCARE ANalysis) project Marco Di Paolantonio
Posters
P039 PACE / EarthCARE Matchups (PEM): An intercomparison library in Python for the | Sean Foley
NASA Plankton, Aerosol, Cloud, ocean Ecosystem (PACE) and EarthCARE
missions
P042 The First EarthCARE MAAP Hackathon Beniamino Abis
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