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@ New Frontier #1 in Earth Observing:
- Better Persistence Through Constellations

Traditional Approach: Improved Approach:
Small Number of Big, Multifunction Satellites Large Number of Small, Specialized Satellites

A Large: 2100 kg ASmall: <10 kg

AAffordable:

A Expensive: _
~$1M/Satellite

~$2B/Satellite

AConstellation yields

A Three polar orbits ~30 min revisit rate

with ~4 hr revisit rate

APermits rapid infusion

A Need international of new technologies

partners and multiple
US departments
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@ New Frontier #2 in Earth Observing:
- Configurable Sensors that are Collaborative & Intelligent

Spatial Configurability Spectral Configurability Look-Angle Configurability

Carbon dioxide

Highest resolution reserved for Molecular spectroscopy versus Multiple observations from different
spatially dynamic areas of the scene coarse-band imaging vantage points permits tomography

NASA GESTAR Seminar - 3 LINCOLN LABORATORY

WJB 9/26/2023
MASSACHUSETTS INSTITUTE OF TECHNOLOGY



@ Case Study #1.:
TROPICS Earth Venture Mission to study Tropical Cyclones
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Need to measure 4-D temperature, humidity and precipitation to better
understand hurricane science and therefore improve the forecast models
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@ Methods for Sensing Tropical Cyclones

Dropsonde from Aircraft Vis/IR Imaging & Sounding

A Passive microwave sounding can
provide measurements of 3-D
storm structure that is essential to
accurately predict future path

A Key Measurements:
I 3-D Temperature
I 3-D Humidity
I 3-D Precipitation

Passive Microwave Sounding
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@ Microwave Observations have a Large Impact
- on Tropical Cyclone Track and Intensity Forecasts

Track Forecast Improvement (36 hr) Intensity Forecast Improvement (36 hr)
Microwave Microwave
AMV AMV
In situ In situ
GPSRO GPSRO
Infrared Infrared

-0.02 0 o.loz 0.64 0.66 o.los ol.1 o.|12 o.|14 -0.02 0 o.loz 0.64 0.66 o.los ol.1 o.|12 0.14
Normalized Difference in Forecast Error Normalized Difference in Forecast Error
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Tropical cyclone activities at ECMWE. ECMWF Tech Memo 888



https://www.ecmwf.int/en/elibrary/20228-tropical-cyclone-activities-ecmwf

@ Microwave Sounding or Profiling

Atmospheric Absorption Temperature Profile

Zenith Opacity [dB]
Altitude [km]

113 114 115 116 117 118 119
Frequency [GHz]
Temperature [°C]
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@ Progression of MIT LL Microwave Atmospheric
- Sounding CubeSats

Spinning 3U
Low noise Spinning 3U Cungat
and low- CubeSat hum_ldlty,
power only measured precip., &
receiver temp. \temp./
Lincoln Tech Office \/ NASA ESTO Lincoln Tech Office
UMass-Amherst Beaverworks Il MicroMAS-1 MiRaTA MicroMAS-2a
2010/2011 2010/2011 Deployed Launch Nov 617 LaunchJan2018

Receiver Development MIT Aero/Astro Mar 615

/\Nmto scale

3U CubeSat with
4 temp., humidity,
and precip.

MIT Aero/Astro

S
e

2U Bus
development
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@ Key Enabling Technology: CubeSat Sounders

MIT LL demonstrates the
first CubeSat Sounder:
MicroMAS-2a Suomi-NPP

88.2 GHz
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Antenna Temperature [K]
(Preliminary Calibration)
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A. Crews, W. Blackwell, et al., "Initial Radiance Validation of the Microsized Microwave Atmospheric Satellite-2A," in
IEEE Transactions on Geoscience and Remote Sensing, doi: 10.1109/TGRS.2020.3011200.
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@ Recent and Near Future in CubeSat Microwave Sounding

First CubeSat sounder Fi r st -lifed oyedrs) gg;;ggrsn;ﬁ:lcc;glr First CubeSat sounder to First CubeSat sounder

demonstration CubeSat sounder : provide a global image constellation demonstration
demonstration

MicroMAS-2a TEMPEST-D OMS GEMS-1 TROPICS Pathfinder TROPICS
Deployed Jan 2018 Deployed May 2018 Deployed July 2019 Deployed June 2021 Constellation

Launches June/July 2023

T + H,0 + 205 GHz

T+ H,0 H,O only T only T + H,0 + 205 GHz High Revisit
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TROPICS: Time-Resolved Observations of Precipitation

structure and storm Intensity with a Constellation of Smallsats @
William J. Blackwell (MIT LL), Principal Investigator Scott A. Braun (NASA GSFC), Project Scientist

Science Mission
Directorate

R TROPICS will provide microwave observations @
Earth Venture . . . ..
Program tropical cyclones with <60 minute revisit to bette
EVI-3 -~ capture storm dynamics and improve forecasting

e : -
Payload
cans at 30
RPM

0, 2021
our constellation A weSSE T -
sehicles launched May 2023 :

LR

Highresolution

microwave data
= resolves tropical
. cyclone eye and

rain structure

TROPICS Microwave Sounder

12 channels (9205 GHz)
Temperature, Moisture, Rain Rat¢

UNIVERSITY OF WISCONSIN-MADISON I




TROPICS Mission Overview

ARocket Lab was awarded two
launches from Mahia, NZ into two
orbital planes

ALaunched on May 8th & 26th, 2023

AMission has four CubeSats with a

year-long science operations
AData latency 45 minutes

Two orbital planes (33° inclination at 550 km altitude) with two
Cubesats in each will provide < 60 minute median revisit rate

-

[ RS |~

Blue Canyon Tech.

Ground Station Network
Hartebeeshtoek, South

\ Africa

Mission Operations Center
LaFayette, CO

( GESDISC )

vy EARTHDATA

« Data Archival
(Lvl-0 to Lvl-2b)
» Data dissemination
» Distributed Active
Archive Center

. J

f
 uwssec )

Data Processing Center

k Madison, WI j

Science and Payload
Operations Center
Lexington, MA
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[E]

TROPI

CS Sat el

1 t e

A Mass: 5.4 kg; Power: 15 W (payload is 3W)
A Blue Canyon Technologies bus

A LL passive millimeter-wave payload

A Innoflight SCR-100 S-band radio

1 91.655+1.4GHz 882GHz 89.0GHz 89.0GHz

114.50 GHz
115.95 GHz
116.65 GHz
117.25 GHz
117.80 GHz
118.24 GHz
118.58 GHz
184.41 GHz
186.51 GHz
190.31 GHz
204.8 GHz

183.31+1.0 183.31+1.0

118.75+5.0
118.75%3.0
118.75#2.5
118.75#1.1
118.75+0.8
118.75+0.3
118.7540.2
183#1.0

183.31+3.0 183.31+3.0 183#3.0

183.31+/.0

190.31

183+7.0

(TROPICS Millimeter-wave Sounder = TMS)

A 3U CubeSat: 10cm x 10 cm x 36 cm

Nadir

Beamwidth | rootprint

(degrees) Geometric | Measured

Down/Cross | Mean (km)* | NEdT (K)
3.0/3.17 29.6 0.66
2.4/2.62 24.1 0.96
2.4/2.62 24.1 0.82
2.4/2.62 24.1 0.86
2.4/2.62 24.1 0.79
2.4/2.62 24.1 0.81
2.4/2.62 24.1 0.90
2.4/2.62 24.1 1.03
1.5/1.87 16.9 0.58
1.5/1.87 16.9 0.55
1.5/1.87 16.9 0.53
1.35/1.76 15.2 0.52
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@ Satellite Overview

3U CubeSat

1U Payl_oad . . 10cm x10cm x 36 cm
Rotating microwave radiometer

Scanner assembly

83 mm aperture -
Noise-diode / deep space
calibration

550 km altitude

o Too T I

There are 81 spots
in a scan and the
nadir spot is 41.

Ultra-compact W/ F / G radiometer
A W-band 92 GHz

A F-band 7 chan. (114-119 GHz)
A G-band 4 chan. (183 & 204 GHz)

\\ ,‘L"’QQ Satellite track
2U Bus: BCT XB-1 \ o
A S-band radio Nadir Spatial Resolution \\/
A ADCS: sun sensor(s), star-camera, °
reaction wheels, torque rods Direction W-band F-band G-band
(Ch. 1) (Ch. 2-8) (Ch. 9-12)
Deployed Articulating
5_pane| So|ar array DOWﬂ-traCk 272 km 230 km 144 km
Cross-track 28.9 km 25.2 km 17.9 km
Stowed
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[E]

Scan Profile for TROPICS

A Rotation rate is 30 RPM (2 sec. period)

A 81 Earth Sector samples per scan

A 10 samples each in Space & ND Sectors

A Integration time: 8.333 msec (1/120 second)

A Spatial Information (at 550 km):

I Beamwidth (FWHM):
A W-band 3.0ADT (3.2ACT)
A F-band 2.4ADT (2.62ACT)
A G-band 1.5ADT (1.87ACT)
A Sample spacing: 1.5A

i Swath: ~2000 km

I Nadir footprint diameter
A W-band: 26-km DT, ~28-km CT
A F-band : 22-km DT, ~24-km CT
A G-band : 13.1-km DT, ~17.1-km CT

DT = down track CT = cross track

Lunar and Solar
Keep out

Both Cal.
Sectors ~60°

Index
Pulse = = ¢ = o = ..
interru Et L ~.
@ 0.0 pr g Sl
7 S ~
Sig o7 EathSector s aeton
@ 33007 - (O 2 ,600) ) - \@ 210.0°
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TROPICS Payload Detalls

C&DH
Board

WI/F IFP

Scanner
Assembly

W/F RFE

Antenna

I
Top Panel

Left Panel Front Panel G-DD
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R TROPICS Radiometer Flight Hardware

Dual-band antenna and 90/120-GHz receiver
wire grid diplexer front eRdE@OHWF

Radiometer back-end Payload control and 180-205-GHz direct
processolrFR&WF data handling board detection receiver

NASA GESTAR Seminar - 17 ) e LINCOLN LABORATORY
WJB 912612023 Leverages significant advancements funded by NASA ESTO MASSACHUSETTS INSTITUTE OF TECHNOLOGY



@ TROPICS Radiometer Payloads Yield Excellent Performance

Humidity &

Precipitation =
Receiver I . o W N
(180-205 GHz) SRR T v S

Aperture
83 mm
HiEmip: < Tem.p.
Receiver &, N - Scanner & Receiver
Back End ‘ slipring Front End
s - (90-120 GHz)
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@ Seven Flight Units Ready for Launch
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@ TROPICS Pathfinder (Qualification Unit)
- Launched June 30, 2021

SpaceX Falcon 9
(530 km; 02:00 LTAN)

Pat hfinder fiprecursoro
? mission provided checkout .

of operations, ground links,
data processing & science

Preliminary cal/val indicates

that radiometric calibration . | = lomm

performance is better than e
1 K in all channels = Bk .2 "

NOAA-funded low-latency
experiment conducted in
April 2022

Data will be available to
general public via GES-DISC

5,
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@ TROPICS Data Addresses Critical Science Questions

What is the relationship between environmental

Changing
environmental
conditions near
edge of tropical

cyclone T @\

TROPICS 183-GHz B :
channels measure
atmospheric
moisture

conditions and storm intensification?

TC Emnati, Feb 10, 2022, 92 GHz

What is the relationship between structural
features of the storm and intensification?

Convective
cores \\
Strong eyewall
convection on
other side of
storm
Spiral
on one side
of storm

TC Batsirai, Feb 5, 2022, 205 GHz
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@ TROPICS Data Addresses Critical Science Questions

What is the relationship between structural evolution and warm
core evolution and what role does the diurnal cycle play?

¥

7

Warming aloft in the
inside of the hurricane eye

=3
10 14 >
Kz L, <
= ' §
S 5 0 é
n e
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0 ! J -3

Temperature retrieval using 19 20 30 40 S0 60 70 80
TROPICS 118.75-GHz channels Cross-Track Spot Hurricane Ida, Aug 28, 2021

Ultimately, we want to show that TROPICS data will improve

NASA GESTAR Serninar - 23 forecasting of tropical cyclone track and intensity LINCOLN LABORATORY
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@[ TROPICS Pathfinder Data Compares Favorably
. to State-of-the-Art Sensors

Super Typhoon Mindulle (Sep 26, 2021)

TROPICS Pathfinder Satellite
5.4 kg

NOAA-20 Satellite (ATMS)
>2000 kg

205 GHz WSl
9/26/2021 04:48 UTC 9/26/2021 05:21 UTC

Brightness Temperature SKZ

- - - N N N N
e (=] =] (= N B (=]
o o o o o o o

~ .
W
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3
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o

0zL
08z
00€
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@ A More Detailed Look at 190 GHz vs 205 GHz
- (Super Typhoon Mindulle, Sep 27, 2021 05:10 UTC)

190 GHz 205 GHz

280 280

26" N

260 260

5 - 240 5 240
22°N 22°N
o 220 — N ° 220 — 3
20'N €5 AN £5
[ [ 2 =)
Q @ Q®
8§ s
T - T N
o S & . S
18°N -200 & 18°N -200 * @
16 N 180 16 N 180
14°N 14°N
160 160
12N 12N
140 140
130" E 132°E 134" E 136 E 138" E 140" E 142"E 130" E 132°E 134"E 136" E 138" E 140" E 142°E
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@ Near-Realtime TC Imagery and Data Assimilation

WP06 KHANUN at 2023-07-30 05:54:37, NRL-Monterey WP06 KHANUN at 2023-07-30 05:54:37, NRL-Monterey

A US Naval Research Laboratory ha TROPICS-1 TMS 115p95 at 2023-07-30 05:52:43 TROPICS-1 TMS 91p66 at 2023-07-30 05:52:43
. . HIMAWARI-9 AHI Infrared-Gray at 2023-07-30 05:20:00 HIMAWARI-9 AHI Infrared-Gray at 2023-07-30 05:20:00
|ncorp0ratedTROP|C|ﬁto 128°E  130°E  132°E  134°E  136°E  138°E 128°E  130°E  132°E  134°E  136°E  138°E
operational tropical cyclone (TC)
Imagery 24°N 24°N

https://www.nrimry.navy.mil/tcwe
b/

A NRLis hosting imagery for
TROPICE3, TROPIED, &
TROPICGS6, but on hold for
TROPICB1 (Pathfinder)

A Team is working toward providing
Imagery & data assimilation at

I NOAA National Hurricane Center
I Joint Typhoon Warning Center

14°N
I NESDIS Common Cloud Framewor

22°N 22°N

20°N

20°N

18°N

18°N

16°N 16°N

14°N

T WMO WIS 2.0 .
180 200 220 240 260 280 200 210 220 230 240 250 260 270
'|' LANCE 115.95GHz TB (K), Channel 3 91.66 GHz TB (K), Channel 1
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https://www.nrlmry.navy.mil/tcweb/
https://www.nrlmry.navy.mil/tcweb/

TROPICS Near-Real-Time Data Flowchart

https://tropic.ssec.wisc.edu/real-time/tropics/archive/2023/

netCDF

AWIPS
NetCDF & —>
AWIPS
7
Vd

netCDF & AWIPS Pid

TROPICS

DPC UW-M ——————> ’
SSEC
netCDF & GIBS
netCDF &
netCDE & BUFR-NOAA
BUFR-WMO
NESDIS
Common

Cloud
Framework

Present Configuration (Once distribution groups are online, users will transfer away from DPC)

-7 Work-in-progress AWIPS Connection

https://www.nrimry.navy.mil/tcweb/

|:> Established Connection

— — => Future or Work-in-progress Connection

Working/Open NASA EOSDIS Science
Data Transfer Protocol (SDTP) Connection

Work-in-progress SDTP Connection

=

Distribution
Organization/
Group

Single
Organization/
User
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BE

Level 1B Product Shows Negligible Drift over 2 Years

Ch. 191.656 GHz
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01,22 01/23
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01,22 01,23
Month/Year
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@ Level 1B Departures from GEOS-5 are
- Relatively Small and Gaussian

Post-launch

SR el blies
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