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Broadly speaking, PACE has two fundamental science goals: 
 
(1)  Extend key systematic ocean color, aerosol, & cloud climate data records  

(2)  Address new & emerging science questions using its advanced capabilities 
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Its ocean data will be vital for…
Carbon Cycle & Ecosystem Research 
�  Global biogeochemical cycling 
�  Ecosystem response to changing climate 
�  Long-term trends in carbon cycling, 

ecosystem health, ocean biology, chemistry 
�  Fisheries management 

Disaster Monitoring 
�  Storms and hurricane impact on coastal 

ecosystems, humans, & property 
�  Oil-spills & natural seeps 
�  Flood disaster response 

Understanding Earth’s Climate 
�  Improvement of climate model forecasts, 

adaptation scenarios, & vulnerability & 
sustainability assessments 

�  Mapping of carbon sources, sinks, & fluxes 
�  Impacts of melting sea ice on ocean biology 
�  Management, economics, & policy support 

Water Resources Monitoring, Public Health 
Assessments, & Ecological Forecasting  
�  Water quality & eutrophication monitoring,  
�  Detection & early warnings of HABs 
�  Water resource & recreation management in 

lakes, coastal areas, & open oceans 
�  Ecosystem-based management of fisheries 
�  Forecasting of endangered species 
�  Improved models of disease & pathogens 
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•  In 2011, the ocean economy directly contributed more than $282 billion to the U.S. GDP 
and provided more than 2.8 million jobs (NOAA National Ocean Service) 

•  Coastal harmful algal bloom events have been estimated to result in economic impacts in 
the United States of at least $50 million each year (WHOI, Anderson et al. 2000) 

�  The commercial value of U.S. fisheries from coral reefs is estimated to be over $100 
million (NOAA National Marine Fisheries Service). 

�  Local U.S. economies receive billions of dollars from visitors to reefs through diving 
tours, recreational fishing trips, hotels, restaurants & other businesses near reef 
ecosystems (NOAA National Ocean Service) 

Understanding & protecting our ocean ecosystem is key to sustaining 
the Earth’s economy & ensuring adaptation to a changing climate – 
ocean data benefits the public from tribal to international data users, 
policy-makers, managers, industry & economists

The significance of PACE
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Air quality forecasting & monitoring  
Ground based PM2.5 measurements augmented by 
MODIS AOD measurements to produce Air Quality 
Indices (Courtesy of AirNow) for public health 

Its atmospheric data will be vital for…

Boys et al., ES&T, 2014 
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SeaWiFS & MISR 

Air quality trend studies to inform policy 

MODIS Annual mean AOD for 2006 

Fernadina Volcano, Galapagos Islands - 
SeaWiFS 

Southern California Wildfires- MODIS 

Disaster response 
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Continuity of the EOS aerosol & cloud data record 
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Atmospheric data benefits the public from tribal to 
international data users, policy-makers, managers, 
industry & economists

The significance of PACE

•  Between 2005 & 2007, nearly 30,000 hospital 
admissions and emergency-room visits could 
have been avoided throughout California if federal 
clean-air standards had been met (Romley et al., 
Rand Corporation, 2010) 

•  The Intergovernmental Panel on Climate Change 
(2007) identified one of the largest uncertainties in 
our understanding of physical climate as due to 
short-lived aerosols & precursors. 

•  Outdoor air pollution led to 3.3 million premature 
deaths worldwide in 2010.  (Lelieveld et al., 
Nature, 2015) 

•  In the U.S. the accumulated economic value of the 
reduction in air pollution since 1990 is estimated to 
reach almost $2 trillion by the year 2020. (EPA) 

Fernadina Volcano, Galapagos Islands - 
SeaWiFS 

Southern California Wildfires- MODIS 

MODIS Annual mean AOD for 2006 

Disaster response 
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Understanding and Protecting Our Home Planet 
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>$600 billion/yr in U.S. 
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SO MUCH MORE THAN ‘AIR 
 
FRESH WATER FROM THE SKIES 
 
LONG DISTANCE JOURNEYS 
 
TINY PARTICLES; BIG CHANGES 
 
EARTH’S PARASOL 
 
THE DARK SIDE 

THIN BLUE LINE: The atmosphere that blankets our 
planet still holds mysteries that affect the well-being 
of ecosystems and human populations 
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Mission architecture – key characteristics
Mission Characteristics 
 

•  Hyperspectral ocean color instrument & possible multi-angle polarimeter 
•  2-day global coverage to solar & sensor zenith angles of 75o & 60o  
•  Sun-synchronous, polar orbit with a local Equatorial crossing time of ~13:00 
•  675-km altitude & 98o inclination 
•  Class C (limited redundancy) for 3-years of operations & 10-years of fuel 

Mission Elements 
 

Mission Management:     Goddard Space Flight Center 
Hyperspectral Ocean Color Instrument:   Goddard Space Flight Center 
Multi-angle Polarimeter (optional):   To be procured 
Spacecraft/Mission Operations:   Goddard Space Flight Center 
Science Data Processing:    Ocean Biology Processing Group 
Competed Science Teams:   NASA Earth Sciences Division 

23 
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Challenges & advances
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Spatial Spectral * Temporal Detectors 
MODIS 1000 m 

global 
9 bands from 412 – 869 nm 

1.24, 1.64, 2.13 µm 
2-day multiple 

10 – rotating mirror 

VIIRS 750 m 
global 

7 bands from 412 – 865 nm 
1.24, 1.61, 2.25 µm 

2-day multiple 
16 – rotating telescope 

SGLI / GCOM-C 250 m 
global 

9 bands from 380 – 865 nm 
1.05, 1.64, 2.21 µm 

2-day multiple 
pushbroom 

OLCI / Sentinel-3 300 m 
global 

21 programmable bands from 
400 – 1020 nm 

3-day multiple 
pushbroom 

OLI / Landsat-8/9 30 m 
coastal 

5 bands from 443 – 865 nm 
1.60, 2.20 µm 

16-day multiple 
pushbroom 

MSI / Sentinel-2 10 – 60 m 
coastal 

9 bands from 443 – 865 nm 
1.61, 2.91 µm 

16-day 
(5-day with 2) 

multiple 
pushbroom 

PACE 1000 m 

global 
115 bands from 320 – 890 nm 

1.25, 1.61, 2.13, 2.26 µm 
2-day 

±20° tilt 
single 

1 – rotating telescope 

Where will PACE fit in? 

* only bands used for ocean color shown 
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The PACE ocean color instrument will be the first ever to include: 
 
•  2-day global coverage at 1-km 
•  hyperspectral radiometry from the ultraviolet (320 nm) to near-infrared (890 nm) 
•  SWIR bands (0.94, 1.25, 1.38, 1.61, 2.13, 2.26 µm) 
•  a single science detector to inhibit image striping 
•  SNRs that rival or exceed anything built previously 
•  Total calibrated instrument artifacts < 0.5% at top-of-atmosphere 
•  fore / aft tilt to avoid Sun glint 
•  semi-monthly lunar calibration + on-board solar diffusor mechanisms 
 
Which makes it a game changer.  And it’s pushing our current technological limits. 
 
Now imagine this instrument in combination with a multi-angle polarimeter … 
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Post-Launch science data analysis 
•  NASA airborne remote sensing and in situ data 

archives (AERONET, SeaBASS, DAACs)  

PACE algorithms & data product validation  
•  Hyperspectral UV-NIR & polarimetric 

aerosol, cloud & ocean data product 
algorithm development, & validation 

Develop & deploy new field instruments for 
PACE algorithms & radiometric cal/val 
•  Ocean Color Vicarious Calibration system – 

hyperspectral UV-Vis-NIR 
•  Hyperspectral & polarimetric aerosol & 

cloud validation sensors (AERONET) 
•  Hyperspectral UV-Vis marine absorbance, 

VSF, scattering properties, etc. 
•  Next generation AERONET-OC 

Novel coincident use of OCI / Polarimeter 
•  Characterization of aerosols & hydrosols 
•  Atmospheric correction of absorbing aerosols 
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Post-Launch science data analysis 
•  NASA airborne remote sensing and in situ data 

archives (AERONET, SeaBASS, DAACs)  

PACE algorithms & data product validation  
•  Hyperspectral UV-NIR & polarimetric 

aerosol, cloud & ocean data product 
algorithm development, & validation 

Develop & deploy new field instruments for 
PACE algorithms & radiometric cal/val 
•  Ocean Color Vicarious Calibration system – 

hyperspectral UV-Vis-NIR 
•  Hyperspectral & polarimetric aerosol & 

cloud validation sensors (AERONET) 
•  Hyperspectral UV-Vis marine absorbance, 

VSF, scattering properties, etc. 
•  Next generation AERONET-OC 

Novel coincident use of OCI / Polarimeter 
•  Characterization of aerosols & hydrosols 
•  Atmospheric correction of absorbing aerosols Anticipated competitions: 

ROSES 2018 – PACE Science Team 
ROSES 2018 – PACE Calibration & Validation 



Concluding thoughts:  why PACE?
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Connecting exploration & research on our home planet 
 

The PACE mission will provide new information to understand Earth’s living 
ocean, atmospheric aerosols & clouds, plus atmosphere & ocean dynamics  

PACE will make global ocean color measurements that are essential for 
understanding the carbon cycle & its interrelationship with climate change, 
& will expand our understanding about ocean ecology & biogeochemistry 

PACE will make global aerosol & cloud measurements that are essential 
for reducing the largest uncertainty in physical climate, that of direct 
aerosol radiation forcing, & for understanding the energy balance of Earth   

The PACE mission can also make significant contributions to terrestrial, 
inland waters (e.g., Great Lakes), & watershed research 
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What does a polarimeter add to PACE?
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•  Improved aerosol & cloud measurements, including 
accurate retrievals of aerosols above clouds 

•  Potential for improved characterization of aerosol 
absorption & vertical profile for use in ocean color 
atmospheric correction


•  Potential additional data products (e.g. wind speed) for 

use in ocean color data product generation

•  Potential new & advanced polarization-based ocean 
color data products (e.g., marine particle sizes)

Planned 3MI instruments will fly on a polar orbiter with a 09:30 
equator crossing time with 824 km orbital altitude.. PACE will have an 
equator crossing time close to 13:00 and a 675 km orbital altitude. 
Usefulness to assist with OCI atmospheric correction is therefore 
limited because of differences in spatial and temporal sampling. 
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While we do not yet know any details of the proposed 
instrument design, there are a handful of likely design drivers:


•  DoLP accuracy: How well it measures polarization for a science pixel.  Drives architecture 

(concurrent vs sequential), number of angles, timing and optical alignment.

•  Spectral Range: Like all radiometric instruments, spectral range enables more science, in our 
case, better characterization of aerosols.  Drives detector selection and optics.

•  Angular Range: It is by observing the same scene at multiple angles that a MAP can 
characterize aerosols better than is possible from a single view instrument such as OCI.


•  Global coverage: 3 day coverage requires a wide swath, which drives optical design and 

complexity and which impacts accuracy terms

•  Ground Sample Distance: we expect on the order of 4km x 4km but would accept larger if all 
science requirements are met.

•  Software & Faults:  While we have very simplified modes specified, we are asking for fault 
management and telemetry buffering.  This could drive cost and complexity.

•  Spacecraft Accommodation: We are requiring very simple interfaces but vendor may need 
more (S/C sensors, discrete signals, etc).  This will have an impact on either MAP or S/C.



Polarimeter aerosol science requirements
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MRD Requirement MAP Requirement 
Sub-

Segment 
Allocation 

Comment/Impact 

Aerosol Optical Thickness 
Range: 0.0 to 5.0 
Accuracy: .02 or 10% 
Precision: .02 or 10% 

Aerosol Optical Thickness 
Range: 0.0 to 5.0 
Accuracy: .02 or 10% 
Precision: .02 or 10% 

Per 
vendor 

vertical optical thickness of 
modes 1 (~ 0.1 µm) and 2 (~ 1.0 
µm) of the bimodal aerosol size 
distribution, clear-sky conditions 

Aerosol Particle Size 
Range: 0.1 to 5.0 µm for reff 
             0 to 3 for νeff 
Accuracy: 0.1 µm or 10% for reff 
                 0.3 or 50% for νeff 
Precision: 0.05 µm or 7% for reff 
                 0.1 or 40% for νeff 

Aerosol Particle Size 
Range: 0.1 to 5.0 µm for reff 
             0 to 3 for νeff 
Accuracy: 0.1 µm or 10% for reff 
                 0.3 or 50% for νeff 
Precision: 0.05 µm or 7% for reff 
                 0.1 or 40% for νeff 

Per 
vendor 

bimodal size distribution of the 
aerosol population in terms of 
the effective radius reff and 
effective variance νeff of each 
mode 

Aerosol Refractive Index (m), 
Single Scattering Albedo (ϖ) and 
Shape 
Range: 1.3 to 1.7 for m 
             0 to 1 for ϖ 
Accuracy: 0.02 for m 
                 0.02 for ϖ 
Precision: 0.01 for m 
                 0.02 for ϖ 

Aerosol Refractive Index (m), 
Single Scattering Albedo (ϖ) 
and Shape 
Range: 1.3 to 1.7 for m 
             0 to 1 for ϖ 
Accuracy: 0.02 for m 
                 0.02 for ϖ 
Precision: 0.01 for m 
                 0.02 for ϖ 

Per 
vendor 

measurement of the real part of 
the refractive index m, and the 
single-scattering albedo ϖ of 
each mode of the bimodal 
aerosol size distribution; 
determination of whether aerosol 
particles are spherical or non-
spherical 

Aerosol Layer Height 
Range: 100-1000 mbar 
Accuracy: 100 mbar 
Precision: 50 mbar 

Aerosol Layer Height 
Range: 100-1000 mbar 
Accuracy: 100 mbar 
Precision: 50 mbar 

Per 
vendor 

extinction-weighted effective 
altitude of the aerosols  



Polarimeter cloud science goals
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 MRD Requirement  Segment Requirement
Sub-

Segment 
 Allocation

 Comment/Impact

 Cloud Optical Thickness
 Range: 0 to 100

 Accuracy: .1 or 10%
 Precision: .1 or 10%

 Cloud Optical Thickness
 Range: 0 to 100

 Accuracy: .1 or 10%
 Precision: .1 or 10%

Per 
 vendor

vertical optical thickness at multiple 
wavelengths within the 0.35 to 2.5 
micron spectral range, overcast 

 conditions

 Cloud Particle Size
Range: 0.1 to 50 µm for r  

eff
             0 to 2 for ν  

eff

Accuracy: 0.1 µm or 10% for r  
eff

                 0.05 or 50% for ν  
eff

Precision: 0.5 µm or 5% for r  
eff

                 0.04 or 40% for ν  
eff

 Cloud Particle Size
Range: 0.1 to 50 µm for r  

eff
             0 to 2 for ν  

eff

Accuracy: 0.1 µm or 10% for r  
eff

                 0.05 or 50% for ν  
eff

Precision: 0.5 µm or 5% for r  
eff

                 0.04 or 40% for ν  
eff

Per 
 vendor

the effective radius r
eff 

and effective 
variance ν

eff 
of a single mode 

particle size distribution. The 
effective radius is the ratio of the 
third moment of the size distribution 

 to the second moment.

 Cloud Layer Height
 Range: 100-1000 mbar for top

             clouds less than 200    
              mbar thick for base

 Accuracy: 10 mbar for top
                  20 mbar for base

 Precision: 10 mbar for top
                  20 mbar for base

 Cloud Layer Height
 Range: 100-1000 mbar for top

             clouds less than 200    
              mbar thick for base

 Accuracy: 10 mbar for top
                  20 mbar for base

 Precision: 10 mbar for top
                  20 mbar for base

Per 
 vendor

cloud top can be determined using 
blue/UV polarized radiances while 
cloud mid-point and base can be 
determined using observations in 
absorbing bands that are sensitive 

 to the entire depth of the cloud.

Ice particle roughness (δ)/shape (S) 
Range: 0-0.7 δ for and 0-20 for S 
Accuracy: 0.1 for δ 
                 0.5 or 50% for S 
Precision: 0.1 for δ 
                 0.25 or 25% for S 

Ice particle roughness (δ)/shape (S) 
Range: 0-0.7 δ for and 0-20 for S 
Accuracy: 0.1 for δ 
                 0.5 or 50% for S 
Precision: 0.1 for δ 
                 0.25 or 25% for S 

Per 
vendor 

multi-angle polarized observations 
allow ice particle shape and 
roughness to be estimated 


