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direction of flight

OCI

340-890 nm in 2.5 nm steps

7 discrete SWIR, 940-2260 nm

1-2 day coverageÑ20Á tilt, 1km

HARP2

440, 550, 670, 870 nm

10-60 viewing angles

wide swath polarimeter, 3 km

SPEXone

380-770 nm in 2-4 nm steps

5 viewing angles

narrow swath polarimeter, 2.5 km

NASA Plankton, Aerosol, Cloud, 
ocean Ecosystem (PACE) mission

PACE will extend key systematic ocean color, 
aerosol, & cloud climate data records, reveal 
the diversity of organisms fueling marine food 
webs, and introduce new methods to observe 
aerosols and clouds, the largest source of 
climate uncertainty.

Characteristics:
Å February 8th launch, April 11th data release
Å 676.5 km, polar, ascending orbit, 98o

Å Sun synchronous, 13:00 Equatorial crossing
Å Global (land and ocean) data
Å Data to OB.DAAC (oceancolor.gsfc.nasa.gov)
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PACE has many 
data products

Χ ǎƻƳŜ ŀǊŜ 
currently available, 
others coming 
soon, being tested, 
or potential future 
development



5AERONET Cimel Sun Photometer at NASA Ames Research Center, California

Inside NASA P-3 during the 
ORACLES field campaign, 

{9 !ǘƭŀƴǘƛŎ hŎŜŀƴ ƻŦŦ {ńƻ ¢ƻƳŞ 

Validation happens 
in many ways



PACE data product development

6

Algorithm contributors
Å PACE Project Science team
Å PACE Science team members
Å PACE instrument team members
Å International science and user community

Implementation
Å PACE Science Data Segment (SDS)
Å Science Operations Team (SOT)
Å Science Operations Board (SOB)

Test product
Å Products that have been implemented 

as production-capable science code
Å Feasibility and resource requirement 

assessment

Provisional product
Å Not fully validated, quality may be sub-

optimal
Å Used for performance and science 

assessment

Standard product
Å Permanent archive and distribution
Å Fully validated and documented

Documentation
Å Algorithm Theoretical Basis Document 
Å Validation, uncertainty assessment

Validation
Å Demonstrate data products meet defined 

(accuracy, coverage, etc.) requirements
Å Typically uses comprehensive and 

statistically robust comparison to field 
observations or other remote sensing data 

pace.oceansciences.org/documents.htm
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ÅNASA Ocean Ecology Lab field support group
ÅPACE Validation Science Team (PVST)
ÅExisting community activities
ÅInstrument networks e.g. AERONET, ARM, Cloudnet
ÅOngoing field activities

ÅSeaBASS archive and analysis system
ÅPACE Postlaunch Airborne eXperiment

PACE validation activities



8

ÅNASA Ocean Ecology Lab field support group
ÅPACE Validation Science Team (PVST)
ÅExisting community activities
ÅInstrument networks e.g. AERONET, ARM, Cloudnet
ÅOngoing field activities

ÅSeaBASS archive and analysis system
ÅPACE Postlaunch Airborne eXperiment

PACE validation activities

High-Performance Liquid 
Chromatography (HPLC)

Time (min)

R
e

sp
o

n
se

Lead: Antonio Mannino
Antonio.Mannino-1@nasa.gov
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ÅNASA Ocean Ecology Lab field support group
ÅPACE Validation Science Team (PVST)
ÅExisting community activities
ÅInstrument networks e.g. AERONET, ARM, Cloudnet
ÅOngoing field activities

ÅSeaBASS archive and analysis system
ÅPACE Postlaunch Airborne eXperiment

PACE validation activities

Ocean inherent 
optical properties

ap aph anap acdom acdom+nap
bbp VSF

Ocean apparent 
optical properties

PAR Kd KLu Lu Lw
Lsky Ed Rrs nLw

Ocean 
Biogeochemistry

Chl 
(fluoro
metric)

HPLC UHPLC PCC NPP (and 
associated 
metrics)

PSD TSM (TBD)Carbon 
(PIC, POC 
DOC, 
Cphyto)

Aerosols & clouds AOD Aerosol 
microphysical 
properties 

COD Cloud droplet size 
distribution, ice 
properties

R/V Tara (global)
Global UNOLS
Hyperspectral BGC-Argo
Add-ons for AERONET (global)

Full list of 
selected projects

[ŜŀŘΥ LǾƻƴŀ /Ŝǘƛƴƛŏ
Ivona.cetinic@nasa.gov

Å Competitively selected teams funded by NASA
Å 24 selections, 3-4 year projects
Å Subelement 1: validate core radiometric ocean color and 

heritage atmospheric retrievals from OCI
Å Subelement 2: validate advanced (new) products making use of 

hyperspectral (OCI) and polarimetric (HARP2, SPEXone) PACE 
capabilities
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ÅNASA Ocean Ecology Lab field support group
ÅPACE Validation Science Team (PVST)
ÅExisting community activities
ÅInstrument networks e.g. AERONET, ARM, Cloudnet
ÅOngoing field activities

ÅSeaBASS archive and analysis system
ÅPACE Postlaunch Airborne eXperiment

PACE validation activities

From MODIS Dark Target aerosol algorithm theoretical 
basis document (ATBD)
 https://darktarget.gsfc.nasa.gov/atbd-product-evaluation
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ÅNASA Ocean Ecology Lab field support group
ÅPACE Validation Science Team (PVST)
ÅExisting community activities
ÅInstrument networks e.g. AERONET, ARM, Cloudnet
ÅOngoing field activities

ÅSeaBASS archive and analysis system
ÅPACE Postlaunch Airborne eXperiment

PACE validation activities

seabass.gsfc.nasa.govpace.oceansciences.org/pace_aop.htm

PACE 
matchups

Leads: 
Chris Proctor
christopher.w.proctor@nasa.gov
Inia Soto Ramos
inia.m.sotoramos@nasa.gov
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ÅNASA Ocean Ecology Lab field support group
ÅPACE Validation Science Team (PVST)
ÅExisting community activities
ÅInstrument networks e.g. AERONET, ARM, Cloudnet
ÅOngoing field activities

ÅSeaBASS archive and analysis system
ÅPACE Postlaunch Airborne eXperiment

PACE validation activities September 3-30th, 2024, Lancaster, 
Santa Barbara, Marina, California
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https://www.youtube.com/watch?v=cCsuck3dJU4



PACE-PAX overall objectives
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Coordinated 
observations 
under PACE 
& EarthCARE

Validate 
PACE 

radiometry & 
polarimetry

Validate 
new, multi-
parameter, 
algorithms 

Validate 
ability to 
observe 
specific 

processes



PACE-PAX 
detailed 
objectives

ΧŘŜǘŜǊƳƛƴŜŘ ōȅ 
extensive and 
thoughtful discussion 
among PACE project 
scientists, funded 
collaborators, etc



PACE-PAX 
detailed 
objectives



Geophysical properties

Aerosol spectral optical depth

Aerosol microphysical properties

Aerosol layer height

Ocean surface roughness (windspeed)

Spectral ocean remote sensing reflectance

PACE/OCI
PACE/SPEXone
PACE/HARP2

HSRL-2
AirHARP, PICARD, PRISM, 
RSP, SPEX Air

Ocean optical properties and 
basic aerosol conditions 
from HSRL-2

Aerosol in situ instruments
Straight and level through 
aerosol plume

No clouds
Variable aerosol load
Variable geometry, time and 
space scales

AERONET-OC, Shearwater, 
HyperNAV

1c. Validate new retrieval properties: Aerosol properties over ocean
Importance Hours

12 4

At least 2/3 required

For ocean properties, this could be achieved with 
either in water measurements from Shearwater, 
AERONET-OC or HyperNAV, or the HSRL-2 

For aerosol properties, this could be either 
achieved with in situ data from the Twin Otter, or 
retrievals from passive instruments on the ER-2 

Method 1: Satellite underpass

Walls: aerosol
ER-2

TO
TO

Figure-4



PACE-PAX 
detailed 
objectives
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Geophysical properties

Cloud detection, top height

Cloud physical thickness

Cloud phase

Liquid, ice, cloud optical depth

Liquid droplet size distribution

Liquid/Ice water path

Ice particle size, shape, asymmetry or phase fcn

PACE/OCI
PACE/HARP2

AirHARP, HSRL-2, PICARD, 
PRISM, RSP

Cloud in situ instruments TBD flight plan

Cloud cover with variable 
properties
Variable geometry, time and 
space scales

Importance Hours

12 4

1e. Validate new retrieval properties: Cloud properties

Method 1: Satellite underpass

ER2 straight Line
(setup, start, 
center, end, exit)Twin Otter Porpoises



PACE-PAX 
detailed 
objectives

This is 
complicated! 
How do we 
manage and 
plan for a field 
campaign like 
this?



Adding numerical quantifiers
helps planning

w - weighting (importance)
h - hours needed for minimum observation
c - completeness of given measurement 
p - probability of complete measurement



We then adapted 
concepts of Search 
and Rescue theory
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Χōǳǘ ƛƴǎǘŜŀŘ ƻŦ ŦƛƴŘƛƴƎ 
the best way to search a 
grid of locations, we are 
finding the best way to 
ΨǎŜŀǊŎƘΩ ƳŜŀǎǳǊŜƳŜƴǘ 
objectives

U.S. Coast Guard - http://www.uscg.mil/hq/c2cen/img/CMF_SearchPlan_on_Chart.JPG

http://www.uscg.mil/hq/c2cen/img/CMF_SearchPlan_on_Chart.JPG


Before the campaign, these 
numbers help us do trade studies

24



During the campaign, we use 
this approach to track progress 
and plan subsequent flights

25



Recently submitted paper to J. 
Atmospheric and Oceanic Technology

Github: https://github.com/knobelsp/TM-DSA 
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https://github.com/knobelsp/TM-DSA
https://github.com/knobelsp/TM-DSA
https://github.com/knobelsp/TM-DSA


September 3-30th, 2024
Lancaster, Santa Barbara and Marina, California

CIRPAS Twin Otter, R/V Shearwater and HyperNAV tracks

R/V Shearwater and HyperNAV tracks

NASA ER-2, CIRPAS Twin Otter, R/V Shearwater and HyperNAV tracks



September 3-30th, 2024
Lancaster, Santa Barbara and Marina, California

CIRPAS Twin Otter, R/V Shearwater and HyperNAV tracks

R/V Shearwater and HyperNAV tracks

NASA ER-2, CIRPAS Twin Otter, R/V Shearwater and HyperNAV tracks

Å 13 NASA ER-2 science flights
Å 80.9 flight hours (out of 84 allotted)

Å HSRL-2 of primary interest to compare to ATLID. Passive instrument aerosol & cloud retrievals 

also valuable (AirHARP2, SPEX Airborne, RSP, PICARD, PRISM) 

Å 17 CIRPAS Twin Otter science flights
Å 60 flight hours (out of 60 allotted)

Å In situ aerosol and cloud suite to compare to EarthCARE. Planned data merger (ISARA)

Å 6 successful days of targeted observations during an EarthCARE overpass
Å 24 of 84 ER-2 flight hours added for EarthCARE validation. Equivalent to ~4 flights

Å Minimum planned under flights: 1; Goal: 4; Actual: 6 (5 with ER-2, 1 with Twin Otter)

Å Conditions favored low-moderate aerosol loads over land in cloud free conditions
Å Aerosols were generally smoke, with occasional dust or urban aerosols 

Å Small amount of over-ocean observations of marine stratocumulus clouds

Å Some aerosol over land scenes have thin cirrus



PACE-PAX instrumentation
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Instrument Platform Role Lead PIInstitution
AirHARP ER-2 PACE/HARP2 polarimetry proxy J. Vanderlei MartinsUMBC

PICARD ER-2 PACE/OCI spectrometer proxy J. Jacobson / K. MeyerNASA ARC/GSFC

PRISM ER-2 PACE/OCI spectrometer proxy David R. ThompsonJPL

SPEX Airborne ER-2 PACE/SPEXone polarimetry proxy B. van DiedenhovenSRON

HSRL-2 ER-2 Aerosol/cloud/ocean Lidar T. Shingler / J. Hair NASA LaRC

RSP ER-2 Multi-angle polarimeter ref. B. Cairns / K. SinclairNASA GISS

Facility instruments Twin Otter Aerosol/cloud in situ instruments Anthony BucholtzNPS

LARGE Twin Otter Aerosol/cloud in situ instruments Luke ZiembaNASA LaRC

LI-Nephelometer Twin Otter Aerosol phase functions Adam AhernNOAA

ISARA Twin Otter In situ data synergy activity Snorre StamnesNASA LaRC

Ocean instruments* RV Shearwater Day cruises, instrumentation TBD Mike OndrusekNOAA

HyperNAV* Ocean floats Radiometric calibration ocean floats Andrew BarnardOSU

AERONET, AERONET-OC* Surface Aerosol prop., water leaving radiance P. Gupta / E. LindNASA GSFC

*externally supported activities



PACE-PAX instrumentation
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Instrument Platform Role Lead PIInstitution
AirHARP ER-2 PACE/HARP2 polarimetry proxy J. Vanderlei MartinsUMBC

PICARD ER-2 PACE/OCI spectrometer proxy J. Jacobson / K. MeyerNASA ARC/GSFC

PRISM ER-2 PACE/OCI spectrometer proxy David R. ThompsonJPL

SPEX Airborne ER-2 PACE/SPEXone polarimetry proxy B. van DiedenhovenSRON

HSRL-2 ER-2 Aerosol/cloud/ocean Lidar T. Shingler / J. Hair NASA LaRC

RSP ER-2 Multi-angle polarimeter ref. B. Cairns / K. SinclairNASA GISS

Facility instruments Twin Otter Aerosol/cloud in situ instruments Anthony BucholtzNPS

LARGE Twin Otter Aerosol/cloud in situ instruments Luke ZiembaNASA LaRC

LI-Nephelometer Twin Otter Aerosol phase functions Adam AhernNOAA

ISARA Twin Otter In situ data synergy activity Snorre StamnesNASA LaRC

Ocean instruments* RV Shearwater Day cruises, instrumentation TBD Mike OndrusekNOAA

HyperNAV* Ocean floats Radiometric calibration ocean floats Andrew BarnardOSU

AERONET, AERONET-OC* Surface Aerosol prop., water leaving radiance P. Gupta / E. LindNASA GSFC

*externally supported activities

t!/9 ΨtǊƻȄȅΩ ƛƴǎǘǊǳƳŜƴǘǎ
ωThese make the same measurements as PACE, so PACE algorithms can be tested 

even if the satellite is not overhead
ωData submitted in a compatible for format (Level 1C) to that of PACE



PACE-PAX instrumentation
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Instrument Platform Role Lead PIInstitution
AirHARP ER-2 PACE/HARP2 polarimetry proxy J. Vanderlei MartinsUMBC

PICARD ER-2 PACE/OCI spectrometer proxy J. Jacobson / K. MeyerNASA ARC/GSFC

PRISM ER-2 PACE/OCI spectrometer proxy David R. ThompsonJPL

SPEX Airborne ER-2 PACE/SPEXone polarimetry proxy B. van DiedenhovenSRON

HSRL-2 ER-2 Aerosol/cloud/ocean Lidar T. Shingler / J. Hair NASA LaRC

RSP ER-2 Multi-angle polarimeter ref. B. Cairns / K. SinclairNASA GISS

Facility instruments Twin Otter Aerosol/cloud in situ instruments Anthony BucholtzNPS

LARGE Twin Otter Aerosol/cloud in situ instruments Luke ZiembaNASA LaRC

LI-Nephelometer Twin Otter Aerosol phase functions Adam AhernNOAA

ISARA Twin Otter In situ data synergy activity Snorre StamnesNASA LaRC

Ocean instruments* RV Shearwater Day cruises, instrumentation TBD Mike OndrusekNOAA

HyperNAV* Ocean floats Radiometric calibration ocean floats Andrew BarnardOSU

AERONET, AERONET-OC* Surface Aerosol prop., water leaving radiance P. Gupta / E. LindNASA GSFC

*externally supported activities

Remote sensing reference instruments
ωHSRL-2: Lidar that can validate aerosol, cloud and ocean products
ωRSP: multi-angle polarimeter whose capabilities exceed those of PACE polarimeters



PACE-PAX instrumentation
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Instrument Platform Role Lead PIInstitution
AirHARP ER-2 PACE/HARP2 polarimetry proxy J. Vanderlei MartinsUMBC

PICARD ER-2 PACE/OCI spectrometer proxy J. Jacobson / K. MeyerNASA ARC/GSFC

PRISM ER-2 PACE/OCI spectrometer proxy David R. ThompsonJPL

SPEX Airborne ER-2 PACE/SPEXone polarimetry proxy B. van DiedenhovenSRON

HSRL-2 ER-2 Aerosol/cloud/ocean Lidar T. Shingler / J. Hair NASA LaRC

RSP ER-2 Multi-angle polarimeter ref. B. Cairns / K. SinclairNASA GISS

Facility instruments Twin Otter Aerosol/cloud in situ instruments Anthony BucholtzNPS

LARGE Twin Otter Aerosol/cloud in situ instruments Luke ZiembaNASA LaRC

LI-Nephelometer Twin Otter Aerosol phase functions Adam AhernNOAA

ISARA Twin Otter In situ data synergy activity Snorre StamnesNASA LaRC

Ocean instruments* RV Shearwater Day cruises, instrumentation TBD Mike OndrusekNOAA

HyperNAV* Ocean floats Radiometric calibration ocean floats Andrew BarnardOSU

AERONET, AERONET-OC* Surface Aerosol prop., water leaving radiance P. Gupta / E. LindNASA GSFC

*externally supported activities

Aerosol and cloud in situ instruments
ωPoint samples, to help relate atmospheric column retrievals to accurate and detailed 

understanding of aerosols or clouds in a parcel of air



PACE-PAX instrumentation
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Instrument Platform Role Lead PIInstitution
AirHARP ER-2 PACE/HARP2 polarimetry proxy J. Vanderlei MartinsUMBC

PICARD ER-2 PACE/OCI spectrometer proxy J. Jacobson / K. MeyerNASA ARC/GSFC

PRISM ER-2 PACE/OCI spectrometer proxy David R. ThompsonJPL

SPEX Airborne ER-2 PACE/SPEXone polarimetry proxy B. van DiedenhovenSRON

HSRL-2 ER-2 Aerosol/cloud/ocean Lidar T. Shingler / J. Hair NASA LaRC

RSP ER-2 Multi-angle polarimeter ref. B. Cairns / K. SinclairNASA GISS

Facility instruments Twin Otter Aerosol/cloud in situ instruments Anthony BucholtzNPS

LARGE Twin Otter Aerosol/cloud in situ instruments Luke ZiembaNASA LaRC

LI-Nephelometer Twin Otter Aerosol phase functions Adam AhernNOAA

ISARA Twin Otter In situ data synergy activity Snorre StamnesNASA LaRC

Ocean instruments* RV Shearwater Day cruises, instrumentation TBD Mike OndrusekNOAA

HyperNAV* Ocean floats Radiometric calibration ocean floats Andrew BarnardOSU

AERONET, AERONET-OC* Surface Aerosol prop., water leaving radiance P. Gupta / E. LindNASA GSFC

*externally supported activities

Surface based measurements
ωOver land validation focussed on overflights of ground stations, esp. AERONET
ωOver ocean validation involved coordinated in-water + above water + aircraft + 

satellite observations



OCEANOCEAN

IOPs ap aph anap acdom acdom+nap bbp VSF

AOPs PAR Kd KLu Lu Lw Lsky Ed Rrs nLw

Biogeochemi
stry

Chl 
(fluorom
etric)

HPLC UHPLC PCC PSD TSM Carbon 
(POC DOC, 
Cphyto)

Atmospheric AOD Angstrom !ƴŘ ƳŀƴȅΣ Ƴŀƴȅ ƳƻǊŜΧ

Day trips from Santa Barbara 

with NOAA R/V Shearwater

Day trips from Santa Barbara 

with UCSB fast boat 

Month long deployment of 

PACE SVC HyperNAV

~21 day deployment 

of 2 underwater 

gliders

2 weeks of R/V 

Blissfully

5 days on R/V 

Rachel Carson 

PACE-PAX ocean 
measurements



Example from 
September 6th

(RF0906) 



Restricted flight 

areas boxed in red

Example from 
September 6th

(RF0906) 


