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ATMOSPHERE OBSERVING SYSTEM

Targeted Candidate Measurement
Observable Science/Applications Summary Approach Y

CONMMNARDE STUDY RAFrCaY

Aerosols Aerosol properties, aerosol vertical profiles, and cloud Backscatter lidar and
properties to understand their effects on climate and air| multichannel/multiangle/ THRIVING oy ous

quality polarization imaging radiometer CHANGING PLANET

flown together on the same

A Decadal Strategy for Earth Observation from Space
platform

Clouds, Coupled cloud-precipitation state and dynamics Dual-frequency radar, with
Convection,and for monitoring global hydrological cycle and multifrequency passive

Precipitation understanding contributing processes including cloud  microwave and sub-mm
feedback radiometer

Targeted Added Measurement
Observable Considerations Notes

Aerosols Ocean Ecosystem capability HSRL desirable but possibly beyond cost cap

National Academies of Sciences,

Clouds, Diurnal cycle characterization assisted ~ Minimum capability of single frequency radar Engineering, and Medicine 2018
Convection and by Program of Record (PoR) with dynamics (Doppler or proxy)
Precipitation

Pre-Decisional — AOS is in Phase A and NASA makes no commitments on the final design of the mission or instruments
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HARP Cubesat RGB imagery, West Africa with
Saharan dust, glint, clouds 2020 / 06 / 13

Red Angle: +053.76
Green Angle: +054.49

Decadal survey + ACCP studies recommended: Blue Angle: +051.92

30°N

Passive radiometer with measurement characteristics
» multi-spectral (UV-VIS-NIR-SWIR) -
* multi-angle / hyper-angle (10-60 views per pixel)

e accurate polarization sensitivity Animation through _ _ 1 1w
multi-angle views

12°N

Addresses climate, weather and air quality objectives
with measurements of cloud and aerosol properties

6°N

28.58°W 23.34°W 18.1°W 12.86°W

Not shown are hyperangle and polarimetric data. The AOS
polarimeter would have UV, SWIR and better spatial resolution.
From: https://esi.umbc.edu/hyper-angular-rainbow-polarimeter/

Pre-Decisional — AOS is in Phase A and NASA makes no commitments on the final design of the mission or instruments 3
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X History of Multi-Angle Polarimeters
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Multi-angle polarimeters in LEO
POLDER-1/ ADEOS-| I POLDER-3 — arguably most successful polarimeter to date.
POLCDNEESSFXBCSS | APS/Glory — NASA’s attempt at a polarimeter ended in a launch failure
CNES (France) I PACE/HARP2 and PACE/SPEXone — ‘do no harm’ instruments, proof of concept
POLDER-3/ PARASOL _ HARP-Cubesat and MAIA — US instruments that (did/will) lack global coverage
CNES (France)
APS / Gl e )
NASA(U(;% AOS will improve upon POLDER with better cloud measurements (SWIR

CAPI/ TanSat
NSMC (P.R. China)

channels and polarimetric approach), order of magnitude better accuracy and
UV for aerosols, and parallax-based feature height detection capability. It will

SGLI/GCOM-C
JAXA (Japan) be NASA’s contribution to global measurement of aerosols and clouds.
DPC/GaoFen5
CAS (P.R. China) mn £ 1M O N 0 O O =@ o M S 1 O N 0 O
UMBC-NASA (USA) HARP-2/PACE
rsac/ua Past and Current nasa (usa)
CAS (P.R. China) PACE/SPEXone
NASA (USA) {-
3MI / Metop-SA Al
EUMETSAT (EU)
From: MAIA
Dubovik et al. : Polarimetric remote sensing of atmospheric aerosols: m‘c;f/]gg(;ﬁm
Instruments, methodologies, results, and perspectives, J. Quant. Spectrosc. ESA (EU)
Ra., 224, 474 - 511 , https://doi.org/10.1016/j.jgsrt.2018.11.024 , 2019. o e sy
3MI / Metop-SA A2
Advancement of POLarimetric Observations (APOLO-2022) conference EUMETSAT (EU)
Pla N ned 3MI / Metop-SA A3
presentations: https://pikesmeetings.wixsite.com/apolo-2022 EUMETSAT (EU)

Pre-Decisional — AOS is in Phase A and NASA makes no commitments on the final design of the mission or instruments
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7 _ AOS-P (usted
The ongmal ACCP Architecture called Z== Single-frequency Doppler Radar AOS-1 1us fed)
for a polarimeter in AOS-P and AOS-| e haaer LD _ Backsater Lidor S

Backscatter Lidar __

M ) i i
The AOS-I polarimeter was descoped g‘; A 5 | -
prior to MCR along with other

instruments

Some AOS-P polarimeter requirements :
PMM [Japan led] .
(SWIR channels) were strengthened to BN Ku Wide Swath ooppternam vl e Y
enable a portion of measurements lost Il MicrwaveRadiometer, /e = {
; o TN Hchsa Canada led)
with the SW Spectrometer descope

Aer&!_ﬂs& Water Vapor Limb Imagers

AOS intends a procurement through

i Jan 2023
open competltlon

Pre-Decisional — AOS is in Phase A and NASA makes no commitments on the final design of the mission or instruments 5
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Summary of instrument requirements: Multiple retrieval categories

Spatial resolution of 500m at nadir, cross track swath of 300km
Total uncertainty: radiometric < 3%, Degree of Linear Polarization (DoLP) < 0.005

Science driver Wavelength range #of | #of viewirfg Aerosol: multia ngle, poIarimetr'ic UVv-
bands | angles per pixel VIS-NIR observations to determine
Aetos UV: 350 - 390 nm L 10 aerosol optical depth and aerosol
Aerosol, bi-spectral cloud VIS-NIR: 410 — 750 nm 2 10 . . .
# Cloudbow cloud retrieval Hyperangle: 670 — 870 nm 1 60 microphysical properties.
NIR: 900 — 960nm 1 10
Zﬁ?;,tti:;Z:i;iﬁzzt;on V,\i\éV_ISFi,'VT:;(;O }Z;C;(;I)n;m ; 18 Bi-spectral Cloud: pairs of NIR/SWIR

channels to determine cloud optical

Multi-angle, polarimetric measurements for all channels e e CE e e

Unique and important capability

=) | Cloudbow Cloud: hyperangle Water vapor channel to Cirrus cloud detection channel in
polarimetric VIS/NIR observations to characterize water vapor profile | | strong water absorption feature to
determine cloud optical depth and applied to correct water vapor detect thin cirrus clouds that impact
droplet effective radius and variance. response in other channels other retrievals

Pre-Decisional — AOS is in Phase A and NASA makes no commitments on the final design of the mission or instruments
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X Polarimeter Traceability Matrix: Clouds
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Thresholds indicated by [brackets]

Geophysical Variable Requirements

Science

Onjectives | Geophysical| Daytime measurements of:
GV5: cloud droplet size

O1l. Low Daytime, low cloud (<5km top)
Clouds Uncertainty: 50% for \ .
US-Cloud | itating ouds, 20% GV7: optical depth
02. High effective otherwise
Clouds radius Range: optical depth > 2,

effective radius 5-30um
Resolution: 500m [1km] nadir
04. Cold ! ]

clouds and Swath: 300km [100km] at 500m nadir resolution and 300km swath
precipitation . . . . .
(baseline) - important for 5 science objectives

01, 06, 08

06. Aerosol

removal,

vertical GV7. Cloud Daytime

redistribution, ) A 0 . .

| ot | uneernamyma03,500 | Tha polarimeter has two independent ways to
processing 01, 02, 04, 50 . .

T X resolution: umnade |- determine these properties; these products have
indirect effect different vertical sensitivity

* Projected performance is for industry study instruments MegaHARP-4 and MegaHARP-2; polarimeter contract will be awarded in Phase B

Pre-Decisional — AOS is in Phase A and NASA makes no commitments on the final design of the mission or instruments




x Polarimeter Traceability Matrix: Clouds
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Bispectral (Nakajima-King) heritage algorithms use NIR/SWIR spectral pairs

Cloud droplet effective
radius (GV5)

Lookup table for liquid phase cloud
8,=456,0=290,4¢=1700 SWIR radiance )

o1
' 3 NIR radiance
re = S .
0.8 4 um o Cloud optical depth (GV7)
6 um
§ 8 um 1 .g)
s I 1/ &S
g 0.6 12um Q .
5 16 um & Details:
T or 20 um © . .
€ os o B Sensitive to body of cloud , assumes droplet effective
e 1 2 variance, no aerosols above clouds
S
0.2 z 'c
Ny 19 Separate tables for liquid, ice phase clouds
0ol o 10
0.0 0.2 0.4 0.6 0.8 1.0 1.2 o
(086 um) Reflectance Original concept had a longer wavelength SWIR channel,
but study contract indicated this was infeasible

Figure courtesy of Kerry Meyer, NASA GSFC

Pre-Decisional — AOS is in Phase A and NASA makes no commitments on the final design of the mission or instruments
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The Rainbow method uses multi-angle VIS polarization

Hyperangle (604} Cloud droplet effective radius (GV5)
Example from HARP CubeSat . . ’ Cloud droplet effective variance
polarimetric VIS | ==
. observations
0.12 HARP CubeSat CloudPro Retrieval Cloud optical depth (GV7)

03 May 2020 , Lake Titicaca
2x2bin (8.8km grd.res.)

0.10 - .
§ CDR: 9.97 ym Details:
CDV: 0.009 SRR A ) )
£ 0081 RMSE: 0.0123 8- AL VTSNS NS Less heritage, but performed with POLDER
[ x*red: 37.622 ¥ e d \ RN
o 00617 N~ L - o -
° / R o RN Sensitive to top of cloud, less sensitive to 3D
, \ " "\ .A‘ .
2 0.041 ] N\ ‘ A8 RN W impacts, aerosols.
o Multlple polarlzatlon / \ O SRS
8 0.02 | observationsin one \\ { y \ }I'i\\ Fataen La¥ ?
* / i X ARG A . o .
spectral channel \L/ \ A ‘}\ » '- i Requires ability to observe at scattering
0.00 { === Parametric R N ¥ LR . angles > 140°
$ HARP R gps
_002 T T T T T
135 140 145 150 155 160

Ice clouds: different polarimetric approach

Scattering Angle (deg) . .
which doesn’t need hyperangle observations

This is also a good way to determine cloud phase

Pre-Decisional — AOS is in Phase A and NASA makes no commitments on the final design of the mission or instruments
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Polarimeter Traceability Matrix: Aerosols

Thresholds indicated by [brackets]

Science
Objectives

Geophysical Variable Requirements

Geophysical
Variable

Conditions

03. Convective
Processes

05. Aerosol
attribution
and air quality

06. Aerosol
removal,
vertical
redistribution,
and processing

07. Aerosol
direct effect
and
absorption

08. Aerosol
indirect effect

GV12. Aerosol

column optical

depth (UV, VIS,
NIR)

03, 05, 06, 07,
08

Daytime, clear sky, global [ocean]
[UV] VIS-NIR
Uncertainty: 0.03+0.1*AOD
Resolution: 0.5 [1] km nadir
Swath: 300 [100] km

GV13. Aerosol
column aerosol
absorption optical
depth (UV, VIS)
05, 06, 07, 08

Daytime, clear sky, global [ocean]
[UV] VIS
Uncertainty: max(0.003,50%)

[ max(0.005, 50%) ]
Resolution: 0.5 [1] km nadir
Swath: 300 [100] km

GV14. Aerosol
column fine-mode
effective radius
05, 06, 07, 08

Daytime, clear sky, global [ocean]
Uncertainty:
max(0.05,0.1*(0.140P)) um
Resolution: 0.5 [1] km nadir
Swath: 300 [100] km

Daytime measurements of
Aerosol optical depth (GV12)
Aerosol absorption optical depth (GV13)
Aerosol fine mode effective radius (GV14)
+other aerosol microphysical properties

at 500m resolution and 300km swath (baseline)

important for 5 science objectives

* Projected performance is for industry study instruments MegaHARP-4 and MegaHARP-2; polarimeter contract will be awarded in Phase-B

10

Pre-Decisional — AOS is in Phase A and NASA makes no commitments on the final design of the mission or instruments
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Simultaneous retrieval of GV’s with radiative transfer model optimization

multiangle, polarimetric Radiative transfer simulations are :
UV-VIS-NIR observations iteratively adjusted until the s
simulation — measurement ‘cost 72

¢ function’ is minimized ] Iterétive RT'c.»'aIcuIatiqn to

find cost function'minima

Aerosol optical depth (GV12) Benefit from

PACE algorithm
development

—
h

Aerosol absorption optical
depth (GV13)

Cost function
(Simulation — measurement)
=

5
Aerosol fine mode effective Example Algorithms:
radius (GV14) GRASP: 10.5194/essd-12-3573-2020
MAPP: 10.1364/A0.57.002394 "-'0‘})- 5 3
+other aerosol microphysical RemoTAP: 10.5194/amt-2019-287 0.1500 195 1.6 <
properties fastMAPOL: 10.5194/amt-2020-507 ot 0200

11

Pre-Decisional — AOS is in Phase A and NASA makes no commitments on the final design of the mission or instruments
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g Polarimeter + Lidar Aerosol Synergy

ATMOSPHERE OBSERVING SYSTEM

Example of one of several
retrieved parameters in F. Xu et al.

multia ngle’ po'arimetric doi: 10.3389/frsen.2021.620871

UV-VIS-NIR observations _ _
Geometric volume mean radius
0 5 [ . b .rﬂ- v I| 1 : .
Wlth + Smoke particles | & ! -:nﬁn - Lidar
lear y wse Sga galt particles g .I ﬁ'l | Cunain
il LR = ]
synergy Ea § o
Aerosol optical depth (GV12) = T
4 e e . ﬂ_m.. I| .;\.ﬂll
[ B oo
Aerosol absorption optical Vertically 11 & 4 4
depth (GV13) resolved | | T e |
micro- 0.001  0.01 0.1 1 10
Aerosol fine mode effective physical " ()
radius (GV14) properties
+other aerosol microphysical + horizontal context
properties

12

Pre-Decisional — AOS is in Phase A and NASA makes no commitments on the final design of the mission or instruments
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Mass Avg. Orbit avg.
Instrument  Class (kg) Power Dimensions (m) data rate
B (w) *pk (Mbps)

Polarized Polarized VIS- Polarized SWIR Hyperang. # views Sswath Resolution Rad. Unc. DoLP Unc

UV channels NIR channels channels channels (km)

ACCP Study

S-Polar01

S-Polar02 (a)

S-Polar02 (b)

S-Polar03
There was a robust S Polar0é (a)

response to early
o S-Polar04
RFls, but many did olard4 {c)

not meet needs. | |~ Basis for ACCP study

S-Polar05
Green: meets baseline S
requirements
S-Polar08
Yellow: Doesn’t meet
S-Polar09

baseline, threshold ok

Orange: Doesn’t meet
Mega-HARP
threshold

EHARP

Concepts in UMBC/SDL polarimeter study (as MegaHARP4, MegaHARP2)

EPIC MAP
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X Instrument Study with Partners UMBC/SDL NA

ATMOSPHERE OBSERVING SYSTEM

MegaHARP uses wide field of view optics, prism

MegaHARP-4 MegaHARP-2 based amplitude polarization separation, and
Spatial resolution baseline Spatial resolution linear stripe filters
threshold

HARP Prism Polarization Separation

e Intensity Stripe Filters: Angular
3 . and Wavelength
I\ ? Separation
Intensity s T —_— -

m‘t e Intensityqg

Fore Aft

o e
> it
z Z
) o . Multi/Hyper % &
Z HyperAngle Rainbow Angle with & E
. Itipl .
Polarimeter (HARP) concept  sunoreoms
Nadir: <500m resolution Nadir: 1km resolution
@ Space Dynamics
® LAEBEORATORY
Ability to meet requirements is otherwise identical et St Lty
Geophysical Variable horizontal resolution may vary See: Martins, et al. I[EEE IGARSS 2018, 6304--6307.

Pre-Decisional — AOS is in Phase A and NASA makes no commitments on the final design of the mission or instruments 14




EARTH SysTEM OBSERVATORY
®

i MegaHARP heritage

ATMOSPHERE OBSERVING SYSTEM

Heritage: PACE/HARP2 (launch 2024), HARP-Cubesat (recent de-orbit)

Compared to MegaHARP, these do not have SWIR, have coarser spatial resolution, and less
sophisticated calibration mechanisms and less accuracy.

HARP CubeSat

Plankton, Aerosol, Cloud, ocean Ecosystem (PACE)

5go® Flight Center

pace.gsfc.nasa.gov
Launch in 2024

HARP2 is a
contributed ‘do no
harm’ instrument

January 2020 — April 2022
4km resolution
No onboard calibrator
Limited downlink

bandW|dth' COVEI®ESecisional — A0S is in Phase A and NASA makes no commitments on the final design of the mission or instruments 15




EARTH SysTEM OBSERVATORY

X Conclusions

ATMOSPHERE OBSERVING SYSTEM

HARP Cubesat RGB imagery, West Africa with

The AOS-P polarimeter will support all eight science Saharan dust, glint, clouds 2020 / 06 / 13
objectives by making daytime, passive, measurements of Red Angle: +053.76

; > y Green Angle: +054.49
cloud and aerosol optical properties in a swath. o= Blue Angle: +051.92

RFI material and a pre-phase A study demonstrate the
likelihood of at least one viable RFP response that can meet
requirements. Descope/costing options are included.

24°N

18°N

The polarimeter, with lidar synergy, will enable first ever observations s
of aerosol property profiles, cloud and aerosol processes and more.

Proposed designs improve upon heritage with better accuracy, spatial 6°N
resolution and spectral range (UV through SWIR). Overall budget and
SWaP is relatively small compared to active instruments. 28.58°'W 23.34°W 18.1°W 12.86°W

Pre-Decisional — AOS is in Phase A and NASA makes no commitments on the final design of the mission or instruments 16
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Extra material

Pre-Decisional — AOS is in Phase A and NASA makes no commitments on the final design of the mission or instruments 17
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Polarimeter Traceability Matrix: Clouds

Thresholds indicated by [brackets]

Geophysical Variable Requirements

Measurements Instrument
Science
iecti Geophysical -
Objectives Variable Conditions Observables Requirements Projected Performance* Requirements Projected Performance*
MegaHARP-4: 0.5km
. UV-VIS: 380, 410, 550, 660 — Meets baseline
01. Low Dayt'l'J" & 'clw. CItO‘f:C():/SL(m top) 3 :5\7::3"12(;\'0' F:mi NIR-SWIR: 870, 940, 1230, 1380, 1570 Re[slcl’('r:;':t“;]zgi? m MegaHARP-2: 1km
Clouds GV5. Cloud necertainty: 507 tor T Exceeds baseline Meets threshold
droplet precipitating clouds, 20% Passive bi k]
. i tral S MegaHARP-4: 394k
02. High . otherwise spec £ ega : m
Clouds eZedci'Ll\S/e Range: optical depth > 2, (NIR, SWIR) g _ . Swath: 300km Exceeds baseline
effective radius 5-30pum radiance | @ 10 view angles within + 57" along [100km] MegaHARP-2: 1008km
01, 06, 08 Resolution: 500m [1km] nadir pairs 2 View angles: 1 | track for all channels except 660nm, Exceeds baseline
04. Cold Swath: 300km [100km] (nadir) which has 60
clouds and exceeds baseline Uncertainty: 3% 3% radiometric
precipitation --OR --- radiometric Meets baseline
MegaHARP-4: 0.5km
06. Aerosol Resolution: 500m Meets baseline
removal, Spectral: 1 NIR Al hyperangle:: cizlt [1km] at nadir MegaHARP-2: 1km
vertical Passive kS ML st Meets threshold
redistribution GV7. Cloud Daytlme hyper‘_ang|e f
! optical Uncertainty: max(0.3, 50%) VIS g MegaHARP-4: 394km
and . depth Range: 0.3 <optical depth < [ polarization | = Swath: 300km Exceeds baseline
processing 01, 02, 04, 50 in one 2 _ o ) [100km] MegaHARP-2: 1008km
06, 08 Resolution: 1km nadir channel | < | Viewangles: 60 60 view angles within £ 57" along Exceeds baseline
08. Aerosol o | within £ 57° along track for 660nm channel - - - : :
indirect effect track meets baseline Uncertainty: 3% 3% radiometric, 0.003
radiometric, 0.005 DolP polarimetric
DoLP polarimetric Meets/exceeds baseline

* Projected performance is for industry study instruments MegaHARP-4 and MegaHARP-2; polarimeter contract will be awarded in Phase B

Pre-Decisional — AOS is in Phase A and NASA makes no commitments on the final design of the mission or instruments
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Polarimeter Traceability Matrix: Aerosols

Thresholds indicated by [brackets]

Science
Objectives

Geophysical Variable Requirements

Geophysical
Variable

Conditions

Observables

Measurements

Instrument

Requirements

Projected Performance*

Requirements

Projected
Performance*

03. Convective
Processes

05. Aerosol
attribution
and air quality

06. Aerosol
removal,
vertical
redistribution,
and processing

07. Aerosol
direct effect
and
absorption

08. Aerosol
indirect effect

GV12. Aerosol

column optical

depth (UV, VIS,
NIR)

03, 05, 06, 07,
08

Daytime, clear sky, global [ocean]

[UV] VIS-NIR

Uncertainty: 0.03+0.1*AOD
Resolution: 0.5 [1] km nadir

Swath: 300 [100] km

GV13. Aerosol
column aerosol
absorption optical
depth (UV, VIS)
05, 06, 07, 08

Daytime, clear sky, global [ocean]

[UV] VIS

Uncertainty: max(0.003,50%)

[ max(0.005, 50%) ]

Resolution: 0.5 [1] km nadir

Swath: 300 [100] km

GV14. Aerosol
column fine-mode
effective radius
05, 06, 07, 08

Daytime, clear sky, global [ocean]

Uncertainty:

max(0.05,0.1*(0.140P)) um
Resolution: 0.5 [1] km nadir

Swath: 300 [100] km

Passive, multi-
angle, total and
polarimetric
radiance for
[UV] VIS-NIR-
SWIR

Spectral: 1 UV,

UV-VIS: 380, 410, 550, 660
NIR-SWIR: 870, 940, 1230,
1380, 1570

Resolution:
500m [1km] at
nadir

MegaHARP-4: 0.5km
Meets baseline
MegaHARP-2: 1km
Meets threshold

3 VIS-NIR, 3[2] UV meets baseline
SWIR to 2250 | VIS-NIR exceeds baseline
[1600] nm SWIR meets baseline in # of
channels, threshold in
range
. 10 view angles within + 57°
LLETTENL 58 along track for all channels
10 [5] within %

57° along track

except 670, which has 60
Meets/exceeds baseline

Swath: 300km
[100km]

MegaHARP-4: 394km
Exceeds baseline
MegaHARP-2:
1008km
Exceeds baseline

Uncertainty:
3% radiometric,
0.005 DolLP
polarimetric

3% radiometric, 0.003
DoLP polarimetric
Meets/exceeds
baseline

* Projected performance is for industry study instruments MegaHARP-4 and MegaHARP-2; polarimeter contract will be awarded in Phase-B

Pre-Decisional — AOS is in Phase A and NASA makes no commitments on the final design of the mission or instruments
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