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FROM THE

JPSS PROGRAM DIRECTOR

It is an exciting time and great honor to share my first Science Digest message with
you as JPSS Program Director. The year began with JPSS-2 entering and completing
critical pre-launch testing milestones before being shipped from the spacecraft
facility in Gilbert, AZ to its Vandenberg Space Force Base launch site in August. By
year's end we saw the culmination of years of work with the spectacular launch of

JPSS-2 on November 10 at 1:49 am PST from Vandenberg Space Force Base.

JPSS continued to provide life-saving data and valuable products to users in
another year marked by significant hurricanes, tornadoes, droughts, floods, fires,
and heat waves. In October, Suomi National Polar-orbiting Partnership (Suomi NPP)
celebrated its eleventh year of operations. In November, NOAA-20 completed its
fifth year in orbit, the same month JPSS-2 launched. We're seeing the first science
being produced by JPSS-2, now renamed NOAA-21, as its four instruments—the
Advanced Technology Microwave Sounder (ATMS), the Cross-track Infrared Sounder
(CrlIS), the Visible Infrared Imaging Radiometer Suite (VIIRS), and the Ozone
Mapping and Profiler Suite (OMPS)—are being brought online and calibrated. NOAA-
21 has already sent back data for ATMS and VIIRS first-light images. At the end of
December, the VIIRS and CrIS cooler doors will open, followed by the CrIS detector
power-on and the OMPS door opening, providing data for our teams to produce

the first-light images from OMPS and CrIS. Our teammates at the NOAA Satellite

Operations Facility are leading the commissioning process for NOAA-21to be the
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primary satellite in the JPSS constellation while continuing to operate Suomi NPP
and NOAA-20.

JPSS-3 and -4 are progressing well, with launch readiness expected for 2027 and
2032. JPSS-3's four main instruments cleared pre-ship reviews in the beginning of
the year and are now beginning integration and testing at the spacecraft facility
after their arrival in December. The new Libera instrument that will fly on JPSS-3
completed its Preliminary Design Review this year. Libera will continue the mission
of the Clouds and the Earth’s Radiant Energy System (CERES) Sensors on earlier
JPSS satellites. CERES measures Earth’'s outgoing radiative energy and provides
vital information on the state of Earth’s climate.

In preparing for the future of Low Earth Orbit (LEO) observations to include a larger
commercial component, we are progressing in developing a small sat microwave
sounding mission known as QuickSounder. QuickSounder will be a risk mitigation
mission we will implement and fly for NOAA within 3 years. This mission will

include a NASA Rapid Spacecraft Development Office bus with the refurbished
ATMS engineering development unit made available during the ATMS acquisition.
QuickSounder will allow us to provide additional critical microwave sounding
observations in an orbit different than our traditional early afternoon JPSS orbit.

In December, a QuickSounder Milestone 2 review was successfully completed to

baseline the project.

With QuickSounder leading the way, we are defining future LEQ architecture
beyond JPSS-3 and -4. We anticipate that architecture will include a disaggregated
set of instruments, allowing us to provide, among other things, increased orbital
diversity and faster refresh rates for critical data necessary to optimize numerical
weather prediction. In December, the new Sounder for Microwave Brightness

and Analysis (SMBA) team held an Industry Day for the Phase A Study to foster
discussion on the SMBA instrument, which will serve as the backbone microwave
sounder for the new proposed Low Earth Orbit - Environmental Observations
System (LEOS) program. The team met with six vendors and answered questions
pertaining to the Request for Information that was released, with Phase A study

awards expected to be made in the 1st quarter of FY2024.
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The success of our satellite programs, both ongoing and emerging, is a direct
result of extensive collaboration and the work done by the satellite developers, our
NOAA corporate partners, and our national and international stakeholders. JPSS
continues to emphasize global collaboration. Our extensive User Engagement
activities have helped build a strong foundation of operational applications

to meet users’ mission requirements. The program also maintains important
relationships with international partners such as the European Organisation for
the Exploitation of Meteorological Satellites (EUMETSAT) and the Japan Aerospace
Exploration Agency (JAXA). These relationships enable the international satellite
community to leverage existing and planned capabilities from other research and
operational satellite programs to deliver more capabilities to their service areas
and stakeholders. Advances in the future of our LEO satellite constellation and our
international partnerships expand the capabilities of our data and modeling, which
are vitally important for ongoing weather prediction and environmental monitoring

as we experience and prepare for extreme weather patterns.

Weather and climate headlines in the news this year highlighted the need for these
critical partnerships and programs. One example is the satellite capabilities used
during the 2022 Hurricane Season. This hurricane season produced 14 named
storms (winds of 39 mph or greater), of which eight became hurricanes (winds of
74 mph or greater) and two intensified to major hurricanes with winds reaching

11 mph or greater. Two major hurricanes, lan and Nicole, made landfall in Florida.
Hurricane lan tied for the fifth-strongest hurricane ever to make landfall in the
U.S., as a Category 4 with 150 mph maximum sustained winds, causing at least 137
fatalities. Hurricane Nicole became only the third November hurricane on record
to make landfall in Florida. Nicole crossed the same region in Florida devastated
six weeks earlier by Hurricane lan. Despite being relatively weak, Nicole's large size
produced widespread heavy rainfall and strong winds across the Greater Antilles,
the Bahamas, and Florida, knocking out power and inflicting significant damage in
many areas. The U.S. National Hurricane Center (NHC) used JPSS ATMS products
and the AMSR2 sensor on the Japan Aerospace Exploration Agency (JAXA) Global
Change Observation Mission - Water (GCOM-W) satellites to define the structure of

these hurricanes and evaluate structure change as they developed and came inland.
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According to NOAA Administrator Rick Spinrad, Ph.D., “Forecasters at NOAA's
National Weather Service and its National Hurricane Center issued earlier forecasts
with increasing accuracy this season. These improved forecasts coupled with critical

NOAA data and services undoubtedly led to the better protection of life and property.”

The JPSS Program can take great pride in doing its part helping in the response to

these storms.

Thank you to the many contributors to this Science Digest, and to our JPSS science
team and community for their contributions to the program. This Science Digest
joins the other Digests dating back to 2014 in documenting the successful research
and operational applications of our JPSS capabilities. Thank you to Satya Kalluri,

JPSS program scientist, for his leadership.

Between the successful launch of JPSS-2 to our new formulation efforts to define
the future of LEO observations, 2022 was a tremendous year for the Program.
There is much to look forward in 2023 as we continue the success of JPSS and
progress with QuickSounder and the proposed LEOS Program, offering this

generation a rare opportunity to shape the future.

Tim Walsh
Joint Polar Satellite System (JPSS) Satellite and Information Services National

Oceanic and Atmospheric Administration (NOAA)
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FROM THE

JPSS SENIOR PROGRAM SCIENTIST
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2022 has been yet another remarkable year in the history of the NOAA NESDIS Joint
Polar Satellite System (JPSS) program with the successful launch of the JPSS-2
satellite, now renamed NOAA-21, from Vandenberg Space Force Base in the early
morning hours of November 10, 2022. As of the publishing of this Science Digest,
all NOAA-21sensors have opened their doors and begun collecting Earth science
data. The hardworking scientists at the NOAA Center for Satellite Applications

and Research (STAR) and NASA have declared that the NOAA-21instruments are
performing as designed. The contributions of these scientists to the success of the
JPSS mission are much appreciated. With almost identical sensors onboard three
JPSS satellites in the same orbit, Suomi National Polar-orbiting Partnership (Suomi
NPP), NOAA-20, and now NOAA-21, there is great resiliency in the JPSS program,
and more to come with future JPSS satellites, JPSS-3 and -4.

While the JPSS engineers were hard at work pushing NOAA-21to launch, the science
and end user communities were busy as ever exploiting and innovating the science
data from Suomi NPP and NOAA-20 instruments. The 2022 JPSS Annual Science

Digest highlights some of the exciting accomplishments from the past year.

The applications and benefits of JPSS data are many. JPSS and Low Earth Orbit
(LEQ) data are critical to protecting lives and property and they provide critical

inputs to ocean, land, and atmospheric models. One example is Numerical Weather
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Prediction (NWP), as described in Feature 10 that highlights the role of the Joint
Center for Satellite Data Assimilation (JCSDA) in improving weather and climate
prediction. Also, data from both LEO (JPSS) and geostationary satellites (GOES-R)
are complimentary across many short-term forecasting applications, and Features
1,4, and b provide excellent examples of how these data, used together, impact
short-term weather prediction for aviation, atmospheric rivers, and atmospheric
stability leading to severe weather and precipitation events. Over northern
latitudes where cold weather leads to freezing of inland water bodies causing river
ice, VIIRS data has been successfully demonstrated to detect and monitor changes
inriver ice conditions, helping emergency managers and flood forecasters assess

the risks associated with rapidly melting river ice (Feature 9).

Over the oceans, JPSS and other LEQO data are used in ocean biogeochemical
models, like those described in Feature 11, that are important for marine
ecological forecasting for coastal area management, weather prediction, and
climate change adaptation and mitigation. Another example: VIIRS ocean color
products are used to monitor phytoplankton, an important indicator of healthy
oceans to support recreational and commercial fisheries (Feature 6). While

the unique VIIRS Day/Night Band capability has contributed to a variety of
applications in weather, as well as monitoring anthropogenic activity through
detection of lights over land and water, it is still enabling new discoveries such as
the mysterious "milky seas” bioluminescence phenomena described in Feature 3.
VIIRS data are also extensively used for fire detection and characterization
(Feature 7), aerosol detection (Feature 2), and air quality science (Feature 12), all

of which are interrelated.

The JPSS program supports a variety of training opportunities through several
initiatives and venues such as the University Corporation for Atmospheric
Research (UCAR) COMET program and at scientific meetings, for example, the
American Meteorological Society (AMS) annual meeting. These training programs
are critical to the success of our program. Feature 12 highlights a training program
developed by the NOAA STAR Aerosols and Atmospheric Composition Science
Team that is designed to increase access to aerosol, fire, and trace satellite

products from VIIRS and other sensors and promote their proper use in air quality
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applications. In addition to working with our core users, the JPSS program is
committed to inspiring our next generation of budding scientists and engineers
through STEM engagement at all education levels and public outreach activities.
The Highlights articles at the end of this digest feature many of the activities and

accomplishments of the JPSS Communications Team from the past year.

Understanding the impact of public engagement, who our users are, and how JPSS
data are used are also priorities at NOAA and JPSS. Feature 8 gives a detailed look
into the well-established user engagement process at the NOAA National Centers
for Environmental (NCEI) and provides insights into the JPSS end user community.
Such information is valuable in demonstrating the broad use of our data for societal
benefits, as well as understanding what resources, products, and services are

needed to support all sectors of the U.S. economy.

Looking to the future, this year NESDIS established a LEO Program tasked with
managing all LEO observations. The program will include observations from
NOAA satellites like JPSS, as well as from partner agencies like the European
Organisation for the Exploitation of Meteorological Satellites (EUMETSAT) and
the Japan Aerospace Exploration Agency (JAXA). As part of the planning and
formulation process of future LEO observations, the LEO Program Office held
several workshops to understand how current observations are used, their impact,
and future enhancements needed. Feature 13 provides a summary of these user
workshops, which each focused on a different topic: microwave (MW) sounders;
infrared (IR) sounders; ultraviolet/visible/near infrared (UV-Vis-NIR) instruments;
and the Visible Infrared Imaging Radiometer Suite (VIIRS). It is hard to summarize
the wealth of applications and societal benefits from these workshopsin a
summary report and | highly encourage our readers to visit the JPSS Workshops
& Events webpage to appreciate the large number of applications and benefits

resulting from the JPSS mission.

| would like to extend my gratitude to Ms. Amy Leibrand for composing the
excellent articles in the 2022 JPSS Annual Science Digest and to Mr. Bill Sjoberg
for seeking out the innovators to present their experiences at the monthly JPSS

Science Seminars. | am indebted to the highly capable and motivated JPSS
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Communications Team whose contributions are evident in this publication. | am
lucky to have science support staff who actively manage and engage with the

JPSS science activities, including the JPSS Proving Ground and Risk Reduction
activities. As we embark on the LEO program, we are excited to bring you a broader
range of science applications and an unprecedented number of global observations

from JPSS and our partner missions in the coming years.

Satya Kalluri
Joint Polar Satellite System (JPSS) Satellite and Information Services National

Oceanic and Atmospheric Administration (NOAA)
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FEATURE 1

Visualizing

Clouds in Three
Dimensions for
Aviation Weather
Applications

4

R

Image Credit: Photograph: Adam White. Clouds seen from the window of a Cessna P206C plane in Northwest Alaska

along the Kobuk River.

Weather is a frequent factor in aviation
accidents. In Alaska, unpredictable
weather contributes to an accident rate
more than double that of the rest of the
United States. Because most of Alaska

is inaccessible by road, more than 80%
of Alaskans rely on aviation to access
goods and services. Clouds are visible
indicators of weather, and pilots and
aviation meteorologists rely on cloud
information to assess weather conditions
for flight planning. Clouds are made up of

water droplets and ice crystals that can
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hamper visibility, produce turbulence, and
cause ice to form on a plane’s surface.
Dense vertical cumulonimbus clouds
often produce severe weather, such as
lightning, hail, and dangerous winds,

posing hazardous flight conditions.

Satellites provide crucial information
about cloud properties as they offer a
“big picture” view of cloud extent and
type as well as other properties like a
cloud “map” of a region. For example,

observations from the Visible Infrared

Imaging Radiometer Suite (VIIRS)
instrument aboard the NOAA-20 and
the NOAA/NASA Suomi National Polar-
orbiting Partnership (Suomi NPP)
spacecrafts are used to evaluate cloud
phase and structure, such as whether
a cloud is made up of liquid, ice, or a
mix of both, and at what altitude clouds
are located. Cloud information plays an
important role in aviation meteorology,
especially in regions like Alaska where
conditions can change rapidly, and

datais sparse.

THE MORE INFORMATION
THE BETTER

Recognizing a need for improved
forecasting of aviation hazards, in 2018,
NOAA established the JPSS Aviation
Initiative with a focus on engaging
pilots and aviation forecasters in
Alaska. The initiative helps the polar
aviation community by providing

new and improved satellite products
and collaborating with end users. In
support of the initiative, research

scientist Yoo-deong Noh and others
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& cioud Properties €

at the NOAA Cooperative Institute for
Research in the Atmosphere (CIRA) at
Colorado State University are working
on new approaches to enhance satellite

cloud information.

Traditionally, the aviation community

uses 2D weather charts to assess Cloud .
£ Geometric
conditions prior to flight, but 2D maps 1 Thickness

lack information about vertical cloud
structure. Vertical cloud formation is
difficult to evaluate in two dimensions
but is important to pilots because what
happens inside of a cloud—between

its highest and lowest boundaries—
often dictates flight conditions. One

solution developed by Noh and her team o ) )
. _ satellite instruments, like VIIRS, is
uses cloud properties retrieved from .
. . mostly biased toward the cloud top
satellites to build 3D cloud structures. )
. o because their wavelengths cannot pass
Like the name implies, 3D cloud
_ through clouds. Clouds reflect or absorb
structures allow pilots to see cloud L ) )
o ' ' visible and infrared light, so on a cloudy
conditions in three dimensions along ) )
day these instruments will only see the

a vertical path within a cloud cross- .
tops of clouds, meaning that knowledge

section. However, obtaining cloud o ) i
is limited about what lies beneath. While

properties from satellites to build a L ) o
o visible and infrared satellite instruments
3D cloud is tricky. ) ) )
reliably estimate cloud top height and

vertical water content (cloud water

THE ELUSIVE CLOUD
BASE HEIGHT

Key components in constructing a 3D

path), they cannot easily measure cloud
base height. Cloud base height—the part

) _ of the cloud closest to the ground—is
cloud structure include cloud top height, . o
. critical for building a 3D cloud structure.
cloud water path, cloud geometric

thickness, and cloud base height. Cloud To tackle this challenge, Noh and her

information from visible and infrared team developed a Cloud Base Height
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The A-Train

CALIPSO CloudSat

15 min

The Afternoon Train, or "A-Train” for short, is a constellation of NASA satellites that travel one behind the other, along
the same track, as they orbit Earth. Source: NASA Jet Propulsion Laboratory.
https://www.jpl.nasa.gov/images/pia03010-a-train-artists-concept

(CBH) algorithm using a new method to
determine cloud geometric thickness
to help estimate cloud base height.
These enhancements led to the launch
of an experimental 3D cloud product
that enables aviation users to visualize
weather conditions as a vertical cross-
section along a flight path. In November
2021, Noh presented research and
development highlights at the JPSS

monthly science seminar.

AN IMPROVED APPROACHTO
CLOUD BASE HEIGHT RETRIEVAL

The new CBH algorithm uses sensor
observations from three of NASA's A-Train
satellites: CloudSat, Cloud-Aerosol

Lidar and Infrared Pathfinder Satellite
Observation (CALIPSO), and Aqua.

The Moderate Resolution Imaging
Spectroradiometer (MODIS) sensor
aboard Aqua provided cloud cover,
cloud top height, and cloud water

path information. CloudSat and
CALIPSO data were used to identify
vertical structure and cloud geometric
boundaries. With this information, Noh
and her team performed statistical
analysis to retrieve cloud base height,
providing the necessary information to
convert 2D cloud information into a 3D

cloud structure.

Retrieval of cloud base height with the
new CBH algorithm has its limitations.
Noh notes that “the relationship
between cloud geometric thickness and

cloud water path is constrained by [the
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Enterprise Cloud Base

(Uppermost Layer)
Cloud Top Height (CTH)
Appropriate CIRA e Extinction method for
Cloud Water Path (CWP) cloud geometric thin cirrus (COT < 1)
e CWP using COT and EPS thickness (AZ) * CBH=CCL_NWPfor
from DCOMP or NLCOMP regression deep convective cloud

e CWP from NWP as
supplementary data

CBH retrieval
CBH=CTH-AZ

Improvement of the Cloud
Cover/Layer (CCL) Product

accuracy of ] cloud top height.” Also,
because nighttime satellite cloud data
without visible information is relatively
unreliable, nighttime collection requires
additional data from numerical weather
models. Numerical weather models

are computer simulations of weather
that have drawbacks (accuracy and

data gaps) but provide adequate

~ CloudSat Cloud Mask 2013/09/10 15:21:48 UTC
- Legacy code (IDPS) ]

Height [km]

Latltude

!

<.I-.IIII-III

supplementary information when data
is sparse. Further, the CBH algorithm
performs best on single layer clouds
(or uppermost layers), neglecting
characterization of complex multi-
layer clouds for a more complete
understanding of cloud conditions.
The cloud base height in multi-layer

cloud scenes may not be what is

 Cloudsat Cloud Mask 2013/09/10 15:21:48 UTC
" Enterprlse CBH \ Cloudsat (gray)
NeW*

%m&m

Latltude

Height [km]

VIIRS cloud type (colors)

Unknown Opaque Ice

Cirrus Water

Supercooled Mixed-phase Overlap

Overshooting Top Dust Smoke

Comparison between the new NOAA Enterprise Cloud Base Height Product (right) and the previous cloud base height
product (left) showing improvements with the new CBH algorithm.
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considered a ‘ceiling’in the aviation
community (that is, the height of the

base of the lowest clouds).

So far, the new CBH algorithm

is operational for VIIRS as part

of the NOAA Enterprise Cloud
Algorithm (VIIRS Cloud Base Height
Product). The CBH algorithm is also
undergoing testing for Geostationary
Operational Environmental Satellite
(GOES) Advanced Baseline Imager
(ABI) operations. Validation using
independent CloudSat and CALIPSO
data shows sizable improvement

compared with the previous algorithm.

PUTTING THE CLOUD BASE
HEIGHT ALGORITHM TO WORK

Improving the NOAA Enterprise
Cloud Cover Layer Product to
Support Aviation

Cloud cover layer information provides

insight into the lower parts of clouds

old
classifications

High (H)
350 hPa
Mid (M) =
700 hPa
Low (L)

Additional (new)

that are typically hidden from satellites—
essential parts for visualizing cloud
properties in three dimensions. By using
the cloud geometric thickness retrieved
from the new CBH algorithm “we can
enhance lower cloud layer fractions by
introducing additional cloud coverage

hidden below cloud top,” says Noh.

For aviation users, this means

having more information about what
is happening inside clouds they

might encounter at their flight level.
Pilots must follow Federal Aviation
Administration (FAA) rules to operate
their planes in different weather
conditions. Visual Flight Rules (VFR)
restrict pilots from flying through
clouds because they must maintain
horizontal visibility of three to five
miles. VFR requires that they go under
and around clouds or divert if clouds are
blocking their route (“see and avoid”).

Instrument Flight Rules (IFR) allow pilots

e 2 For aviation users
classifications

TOA
Layer 5
24 kft
FH+M Layer 4
Lavers 18 kft
rH+M+L o 10 kft
ML Y 5 kft
Layer 1
SFC

Expansion of cloud classifications from three to five flight-based level layers.
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CloudSat overpass showing the addition of cloud top, cloud base, and vertically extended layer information as part of the
improved NOAA Enterprise Cloud Cover Layer Product. Newly enhanced layers are circled in red.

to use cockpit instruments to navigate a
plane through clouds and rough weather
conditions. Cloud cover layer information
enables pilots to anticipate areas of
clouds that could turn a VFR flight into
an IFR one, which is important for flight
planning. Understanding cloud layer
conditions also helps pilots anticipate
problems with terrain that are hidden

in the clouds and may not be visible

to the pilot.

The improved Cloud Cover Layer
Product provides new information
about the deep parts of a cloud, like
convective cloud layers that indicate

turbulence. Additional cloud layers
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are shown as vertically extended layer
scenes, for example “H+M+L" means
high, mid, and low layer information is
combined, and so on. The previous Cloud
Cover Layer Product only produced high,
mid, and low cloud information, leaving
out important data that can impact flight

planning and safety.

Cloud cover layer and cloud base
products from VIIRS are available in
near-real-time with a 4-week archive
on the CIRA VIIRS Imagery and Cloud
Products website for Alaska (https://
rammb.cira.colostate.edu/ramsdis/
online/npp_viirs_arctic.asp). These

and other products for polar regions

Low d+Low Mid High+Mid

High

High+Low

Flight Level-based Cloud Layers RGB. This screenshot of the CIRA Polar SLIDER tool shows flight level-based cloud
layers from the improved NOAA Enterprise Cloud Cover Layer Product, including newly expanded Mid+Low, High+Mid,

High+Low, and High+Mid+Low (H+M+L) layers.
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Example of cloud layer, cloud geometric thickness, and cloud phase imagery available on the CIRA VIIRS Imagery and
Cloud Products website.

ACHA:
Phase: Cloud Top Temperature
ECM: Cloud Phase Cloud Emissivity*

Cloud Probability Cloud Type Cloud IR Microphysical Parameter*
4-Level Cloud Mask Quality Flags Cloud Ice Probability*
Binary Cloud Mask A Cloud Temperature of Lower Cloud*
Packed Metadata | / Cloud Top Pressure
Packed Test Bits A Cloud Base: Cloud Top Height
Cloud Geometrical Cloud Top Altitude
Thickness Cloud Optical Depth*
Cloud Base Height Cloud Particle Size*
Cloud Base Altitude Cloud Water Path*
. Quality Flags
Day and Night Metadata Flags
COMP: Cloud Cover Layers: \| Uncertainties
Cloud Optical Depth Cloud Fraction by Layer

Cloud Particle Size Supercooled Probability by
Cloud Water Path Layer

Uncertainties Convective Cloud
Probability by Layer

upercooled

Cloud Phase. This screenshot from the CIRA Polar SLIDER tool shows cloud phase from the improved NOAA Enterprise
Cloud Cover Layer Product. Black represents clear sky, dark blue represents water, turquoise represents supercooled,
and light blue represents ice.

Key Components for 3D Cloud
Structure Information

NOAA Enterprise Cloud Product Package @
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idea of what | might encounter.

Adam White,
Alaska Airmen’s Association

While there is some weather reporting at these airports and a weather
observer at Bettles [Alaskal], there is a still a lot of distance between
these locations with no data and very hostile terrain features. The test
product [Cloud Vertical Cross-section product] was helpful to get an

conditions from real-time pilot reports
(PIREPs) and temperature data from the
NOAA Unigue Combined Atmospheric
Processing System (NUCAPS) are added
to cross-sections when available.

The cloud cross-sections help pilots
understand how far down clouds go and

the hazardous conditions in their path.

Initially, the Cloud Vertical Cross-
section product was only available
along popular routes in Alaska (https://
rammb.cira.colostate.edu/ramsdis/
online/npp_viirs_arctic_aviation.asp)
and the lower 48 states, like Seattle to
Denver (https://rammb.cira.colostate.
edu/ramsdis/online/npp_viirs_conus_

aviation.asp). Recognizing the value
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of this information, aviation users
requested the option to select custom
routes. In response, CIRA launched an
interactive website that allows users to
pick two or more points on a map and
create a cloud vertical cross-section for
that route. Data is updated with every
JPSS satellite overpass so users can
watch for changing conditions. Archived
cross-sections going back four weeks
are available for select routes. The
custom cross-section product is
available for Alaska, but other U.S.
regions are planned (https://aviation.
cira.colostate.edu/define-custom-

cross-section).

CIRA Aviation

Home NEW! Custom Flight Path Back to Old Site

Quick Guide | Introduction/FAQ | Experimental Products Disclaimer | Survey® | Contact Us

® Did you know? You can bookmark this URL to save your route; it will always show the latest data when you visit!

Your Flight Path and Cross-Section

N w
(=] (=}

Altitude [kft, thousand feet]
5

Screenshot of CIRA's Cloud Vertical Cross-section product website that allows users to select routes of their choice on
a map to create a custom cross-section displaying cloud phase, altitude, terrain, turbulence, and icing information.

Seattle — Denver
20220609 09:16:55-09:31:06 Z (S—NPP)

Altitude [kft, thousand feet]

SEA

20220609 05:16:55-05:29:41 EDT

2022-05-09'09-16255Z
Longitude (degrees)

A screenshot of the CIRA's Cloud Vertical Cross-section product along the Seattle to Denver route on June 9, 2022.
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DEMONSTRATING VALUE

“User feedback is essential to improve the products,” says Noh. For CIRA, this
means engaging users of aviation weather products, such as pilots and aviation
meteorologists, through direct communication, social media, and online surveys.
Working with end users is necessary to improve and evaluate new satellite products

F Fairbonks — Barrow

and to transition products from research to the real-world. % ST < B . °F 20710816 144726150013 AKDT

'/ |

| took off from FAI at 2300Z Sept 21 and landed at MRI (Merrill Field ’ I .
Anchorage) at 0100Z Sept 22 (3 pm to 5 pm AKDT). | observed no ceiling ST AT cnouw

PIREP NIL LGT MOD SEV

from FAI to the Alaska Range foothills, which is basically in agreement

NOAA-20 Infrared imagery (left) and flight path cloud cross-sections from VIIRS (right) used in the NTSB

with the cross-sections. By the time | was over Totatlanika River strip accident investigation.

(9AK) I was under scattered to broken clouds with bases around 5,500

ft MSL. Basically, | flew under a broken to overcast ceiling that was at Investigating Aviation Accidents

about 5,500 to 6,000 ft nearly all the way from McKinley Park (PAIN) to In August 2021, a small plane carrying eight passengers and a pilot encountered
about Willow (PAQU). These bases were considerably lower than shown severe turbulence that caused flight control issues. The pilot landed safely with
on the cross-sections for most of the route... no reported injuries, but the aircraft's wing was significantly damaged. During its

investigation, the National Transportation Safety Board (NTSB) used archived Cloud
A Report from an Alaskan Pilot

Vertical Cross-sections and NOAA-20 VIIRS Infrared imagery to assess flight path

” conditions along the route and found that wing ice contributed to the accident.
Ilcing conditions along the route are shown in light blue (supercooled liquid cloud)

on the archived cross-sections in the figure above.

26 | 2022 JPSS ANNUAL SCIENCE DIGEST FEATURED ARTICLES | 27



New Day/Night Band

Cloud Cover Layer
. Product supplemented by
machine learning

3

Before
machine
learning

“ With CWP_.NLEOMP (DNB)
Geometric Thickness [km]

With CWR-NWP
Geometric Thickness [km]

Comparison of cloud geometric thickness imagery that shows improved data retrieval using VIIRS Day/Night Band
(right) over conventional nighttime retrieval (left).
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retrieved at night. The figure shows the

addition of deep cloud layers (purple)and

28 | 2022 JPSS ANNUAL SCIENCE DIGEST

with statistical analysis, has improved

nighttime cloud imagery, as shown by the
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SUMMARY AND FUTURE WORK

For decades, the aviation community has relied on pilot reports for real-time
information about cloud conditions hidden under the cloud top. The lack of vertical
data from standard cloud products is a challenging but important issue because
clouds can cause severe weather. Understanding their properties from top to

bottom is essential for pilots to avoid hazardous situations.

Visualizing a cloud in three dimensions requires accurate cloud base height

and cloud cover layer data. While cloud top height and other properties can be
estimated from satellite data, cloud base height is difficult to obtain. Previous
attempts to retrieve cloud base height from VIIRS often failed to meet performance

standards and impacted the accuracy of cloud cover layer products.

CIRA's new CBH algorithm improved the NOAA Enterprise Cloud Cover Layer
product so that 3D cloud structures could be built. Their experimental Cloud
Vertical Cross-section product is the first to offer pilots the ability to see what
is happening inside a cloud along a flight path of their choice. These products
not only benefit the aviation community, but they are also useful for weather and

climate modeling.

Building on positive feedback, additional features and improvements to the Cloud
Vertical Cross-section product and website are ongoing, including extending to
global coverage. The cloud base height product is currently operational for JPSS
VIIRS but is expected to be expanded to GOES ABI operations. Noh and her team
continue to hone their machine learning approach to improve multi-layer cloud
retrievals for day and night, with the hope to provide all vertical information using

the advanced technique in the future. +

STORY SOURCE

The information in this article is based, in part, on the November 15, 2021, JPSS science seminar
presented by Yoo-Jeong Noh, NOAA Cooperative Institute for Research in the Atmosphere (CIRA)/
Colorado State University, with contributions from John Haynes, Mattie Niznik, Steve Miller, and Curtis
Seaman from CIRA. Additional collaborators and Alaska users include Andy Heidinger', Mark Kulie',
Jeff Weinrich?, William Straka®, Yue Li°, Steve Wanzong?®, Tom George®, Adam White®, Becca Mazur®,
Carl Dierking’, Jay Cable’, Jen Delamere’, Amanda Terborg®, Ty Higginbotham?®, Nadia Smith®, Rebekah
Esmaili®, Jenny Colavito®, and Paul Suffern".
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1. NOAA/ National Environmental Satellite, Data, and Information Service (NESDIS)
National Weather Service (NWS)/Office of Science and Technology Integration (OSTI)
Cooperative Institute for Meteorological Satellite Studies (CIMSS)

Aircraft Owners & Pilots Association

Alaska Airmen'’s Association

NOAA Arctic Testbed

N o g » N

Cooperative Institute for Climate, Ocean, and Ecosystem Studies (CICOES), University of Alaska
Fairbanks/Geographic Information Network of Alaska (GINA)

8. NOAA Aviation Weather Center (AWC)/Aviation Weather Testbed (AWT)
9. Science and Technology Corporation (STC)/NOAA
10. Federal Aviation Administration (FAA)

11. National Transportation Safety Board (NTSB)
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Using Airborne Truth Data to Validate the Visible Infrared
Imaging Radiometer Suite (VIIRS) Aerosol Detection Product

VIIRS Aerosol Detection Product smoke/dust mask showing smoke plume transport from the August Complex fire in
California on August 20, 2020, four days after the fire began. Source: NOAA AerosolWatch. https://www.star.nesdis.
noaa.gov/smcd/spb/aq/AerosolWatch/
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eye and throat irritation, asthma, heart disease, and premature death, especially
in sensitive populations like children, pregnant women, and older adults. Wildfire
smoke not only impacts human health, but also the environment. Smoke particles
block sunlight that can cause a drop in temperature, and they change the way
clouds form, which can mean less rain. Smoke also reduces visibility, leading to

potentially hazardous ground and air travel conditions.

Smoke detection is critical for warning the public about harmful air quality and

poor visibility during wildfire events. Forecasters, emergency managers, and first

responders rely on satellite instruments to identify smoke and track its movement.

One example is the Visible Infrared Imaging Radiometer Suite (VIIRS) onboard the
Joint Polar Satellite System (JPSS) NOAA-20 and Suomi National Polar-orbiting

Partnership (Suomi NPP) satellites. VIIRS collects data about how aerosols scatter
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VIIRS Aerosol Detection Product
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The Deep-Blue Algorithm Path The IR-Visible Algorithm Path

The advantage of the Deep-Blue algorithm path is that it identifies both the Unlike the Deep-Blue path, which indicates both the presence and intensity of
presence and the relative intensity (thick vs. thin plumes) of smoke and dust. The smoke and dust, the IR-Visible path only indicates the presence of smoke and dust.
Deep-Blue path separates smoke from dust based on spectral threshold tests of The IR-Visible path separates smoke from dust using spectral variability tests in
two indices: the Absorbing Aerosol Index (AAl) that separates smoke/dust from the visible bands and the negative brightness temperature difference between two
clear sky and the Dust Smoke Discrimination Index (DSDI) that separates smoke wavelengths in IR wavelength regions. Smoke detection over land draws on the linear
from dust. Index values are calculated from the ratios of measured light at several relationship between surface reflectance in the visible range (0.67um for VIIRS) and
wavelengths. For example, smoke and dust scatter light differently at shortwave the shortwave IR (2.25um for VIIRS), as shown in the plot below on the left.
infrared wavelengths (at 2.25um, for example), so smoke has a lower DSDI value
than dust. Also, as smoke concentration increases, so does its AAl value, making it a) 0.65 Hm b) 1.616 MM C) 2.25 Hm d) RGB
easy to tell smoke from clear sky. The final output from the Deep-Blue path is the :
Scaled Absorbing Aerosol Index (SAAI), which expresses the presence of smoke and Surface Reflectance at M11 (2.25 Hm)
dust and its intensity (thick versus thin aerosol). 0.0 0.1 0.2 0.3 0.4
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HOW DO WE TRUST VIIRS FOR SMOKE DETECTION?

For satellite instruments to provide
value to society, it is important to
have confidence in the accuracy of
their measurements. VIIRS orbits
the Earth more than 500 miles above
its surface, so how can users be
sure that it correctly reflects ground
conditions? Validating the VIIRS ADP
has historically been challenging
because of a lack of “truth” data—
information accepted as true that

is provided by direct observation.
Up to now, the product had been
compared to other satellite data and

to Angstrom exponent data from the

global ground-based AErosol RObotic
NETwork (AERONET), but these data
are often mismatched with the VIIRS
ADP because of differences in space
and time, which introduces uncertainty.
The Fire Influence on Regional to
Global Environments and Air Quality
(FIREX-AQ) field campaign provided a
unique opportunity to assess VIIRS ADP
smoke mask data. FIREX-AQ targeted
fires and coordinated observations
with VIIRS overpasses, which provided
comparison data that matched the
VIIRS ADP in time and space.

AERONET is a network of ground-based sun photometers that measure atmospheric

aerosol properties.

The Angstrom exponent describes how the optical thickness of an aerosol typically

depends on the wavelength of the light.

38 | 2022 JPSS ANNUAL SCIENCE DIGEST

NASA ER-2 High-Altitude Airborne Science Aircraft “flying-laboratory” that carried the enhancedMODIS Airborne
Simulator (eMAS) used inithe FIREX-AQ field campaign. Source: NASA.

FIREX-AQ Field Campaign For “Truth” Data

FIREX-AQ, jointly led by NOAA and NASA,
provides comprehensive observations
about fire emissions for better
forecasting and for improving satellite
sensors that track smoke. During the 2019
wildfire season, FIREX-AQ observations
were collected from hundreds of

ground and airborne instruments.
Airplanes carrying instruments, such

as the enhanced MODIS Airborne
Simulator (eMAS), flew over fires to
measure emissions and study smoke
plumes, providing “truth” data that can
be used with confidence to evaluate

measurements from satellite sensors.

The eMAS instrument aboard NASA's
ER-2 High-Altitude Airborne Science
Aircraft, shown above, flew under VIIRS’
orbital track collecting observations

along nearly the same track at about the

same time, a method called collocation.
Collocated data provided a unique
opportunity to match measurements
from eMAS and VIIRS, and because eMAS
operates at wavelengths that overlap
with VIIRS wavelength channels (also
called “bands”), their measurements are
similar enough to compare. According to
Dr. Ciren, “Observations from FIREX-AQ
and eMAS are valuable ‘truth’ data, which
provide great opportunities not only

for evaluating VIIRS Aerosol Detection
Product performance but also its

algorithms though deep-dive analyses.”

Overlapping Bands

FIREX-AQ eMAS VIIRS

Band Spectral Range | Band Spectral Range
1 0.45-0.49 pm M3 0.48-0.50 pm
3 0.63-0.69 um M5 0.66-0.68 um
7 0.85-0.89 pm M7 0.85-0.89 um

10 1.59-1.65 um M10 1.58-1.64 um
22 2.21-2.26 pm M11 2.23-2.28 um

26 3.64-3.82 um M12 3.66-3.84 um
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How Well Does eMAS Match Up With VIIRS?
Out of a total of 60 match-ups between VIIRS and eMAS tracks, 25 contained

smoke from wildfires but spatial resolutions were not a perfect match—the eMAS
sensor has a finer resolution (50m) than the VIIRS sensor (750m). Dr. Ciren applied
spatial aggregation to eMAS data, a “scaling up” process that changes the size of
image pixels from fine to coarse spatial resolution and improves the similarity of
data measured at different resolutions. Looking at RGB images from eMAS at 50m
resolution, eMAS aggregated to 7560m resolution, and VIIRS at 750m resolution
(below), close agreement is seen between the sensors. Some detail from eMAS was

lost at 750m because at coarser resolutions an image has fewer pixels.

eMAS (original)  eMAS (aggregated) VIIRS (remapped)

~ 750 m ~750 m

Comparison between RGB images from eMAS and VIIRS sensors. The original resolution of eMAS is 50m and the original
resolution of VIIRS is 750m.

= 04 N
The scatter plot to the right § Y=0.035+0.75X , R=0.82 (a)
confirms that the reflectance of the E’ 0. .
VIIRS M5 band (0.67um) and eMAS 2
B3 band (0.65um) are well matched. E
This means that VIIRS “sees” smoke 8 " |
similarly to the eMAS “truth” data, §
making eMAS observations suitable E’ 5
for validating the VIIRS ADP, ‘?;;,

§ D T "R S T

Reflectance of VIIRS M5 (0.67um)
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Evaluating the ADP IR-Visible Algorithm Path Using eMAS Observations
To evaluate the accuracy of the VIIRS ADP, Dr. Ciren ran the ADP algorithm on

collocated data from eMAS and VIIRS and compared the results. True color (RGB)
images were used for visual reference. Testing was limited to the IR-Visible path
because the eMAS sensor does not have a deep-blue band (0.412um) needed by the

Deep-Blue path.

First, Dr. Ciren applied the IR-Visible algorithm path to eMAS tracks with no smoke
plumes to set a baseline for algorithm performance. As shown below, the IR-Visible
path performs well with very few false alarms when no smoke is present. Some
false detection over thin clouds is expected because the eMAS sensor does not

filter out clouds.

08/19/2019 08/06/2019 08/16/2019
Flight #19910 Track #07

Flight #19917 Track #06 Flight #19916 Track #01

b) Smoke mask d) Smoke mask f) Smoke mask
a) RGB (IR-Visible algorithm) c) RGB (IR-Visible algorithm) e) RGB (IR-Visible algorithm)

Over water Dark surface Bright surface

Performance of the Aerosol Detection Product (IR-Visible algorithm path) when applied to eMAS observation tracks that
contained no smoke plumes.
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Under smoky conditions, the IR-Visible algorithm correctly detects thick Looking at eMAS observations from four wildfire events, below, Dr. Ciren again

smoke close to its source (shown in red), but thin, dispersed smoke is missed noticed that the IR-Visible algorithm detects thick smoke, but not thin smoke, and
(circled regions). the quantity of smoke detected varies from event to event (shown in red).
08/06/2019 08/08/2019 08/15/2019, Castle fire  08/152019, Sheridan Fire 08/07/2019, Williams Flats 08/20/2019, Little Bear Fire
Flight #19910 Track #19 Flight #19912 Track #09 Flight #19915 Track #14 Flight #19915 Track #20 Flight #19911 Track #9 Flight #19918 Track #14
b) smoke mask d) smoke mask
a) RGB Ig_a:m a? g‘.?h?n c) RGB Ig_\snrsrilge Slgghsm Smoke mask Smoke mask Smoke mask Smoke mask

RGB  (ruisiblealgorithm) RGB  (R.visible algorithm) RGB  (r.isible algorithm) ~ RGB  (R.visible algorithm)

\_ - .
Smoke mask Yes @ No W Smoke mask Yes @ No Wl
Performance of the Aerosol Detection Product (IR-Visible algorithm path) when applied to eMAS observation tracks that Performance of the Aerosol Detection Product (IR-Visible algorithm path) when applied to eMAS observations of wildfire
contained thick and thin smoke plumes. events during the FIREX-AQ field campaign.
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“The advantage of using eMAS measurements is that we can visit the same

smoke plume in a short time period,” explains Dr. Ciren. Looking at back-to-back
observations of the 2019 Williams Flats Fire, IR-Visible algorithm performance
varies even though the observations are taken 30-60 minutes apart. The best
performance is along Track #9 (below right), where the view angle is different than
other tracks as shown by the sun glint over the river. These results suggest that
satellite viewing geometry, or view angle, affects aerosol detection. View angle is
the angle a remote sensing instrument looks at the surface, which changes as it

moves and impacts the measured reflectance.

The team performed a similar test on eMAS observations of the 2019 Sheridan Fire
where the growth of a smoke plume was compared over about an hour (below).
The plume appears mostly uniform over time in RGB images (top row), confirmed
by the small standard deviation values (bottom row). But when the ADP IR-Visible
algorithm was run, smoke coverage was smaller than smoke seen in RGB imagery.

Again, only thick parts of the plume were detected.

Based on these findings, Dr. Ciren questioned why the IR-Visible path does not
“see” thin smoke as well as thick smoke. To answer this, Dr. Ciren compared the
ADP derived from both eMAS and VIIRS observations.

08/07/2019
Flight #19911 Track #5 Flight #19911 Track #8 Flight #19911 Track #9
18:27 UTC, 20,201 MSL 19:36 UTC, 20,319 MSL 19:55 UTC, 20,186 MSL
b) Smoke mask d) Smoke mask f) Smoke mask
a) RGB (IR-Visible algorithm) ~ €) RGB (IR-Visible algorithm) ~ €) RGB  (IR-visible algorithm)

Retrieval Retrieval Retrieval
performance: 54% performance: 25% performance: 70%

Smoke mask Yesl No Wl

Performance of the Aerosol Detection Product (IR-Visible algorithm path) when applied to eMAS observations of the
Williams Flats Fire that were taken minutes apart on August 7, 2019.

Flight #19915 Track #19  Flight #19915 Track #20 Flight #19915 Track #21 Flight #19915 Track #22  Flight #19915 Track #23

21:39 UTC, 20,193 MSL 22:06 UTC, 20,194 MSL 22:22 UTC, 20,197 MSL 22:36 UTC, 20,195 MSL 22:52 UTC, 20,194 MSL

Smoke yes no v . Standard dcvialon of 0.65 um

mask I

.000 0.006 0.012 0.018 0.024 0.03

Top row: Performance of the Aerosol Detection Product (IR-Visible algorithm path) when applied to eMAS observations
of the Sheridan Fire that were taken minutes apart on August 15, 2019. Bottom row: Standard deviation showing that
smoke plumes are mostly uniform.
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Using Collocation to Compare Smoke Detection Across Two Sensors

Running the ADP IR-Visible algorithm path on three sets of collocated data (eMAS Digging deeper, Dr. Ciren applied both algorithm paths to small, aged smoke

at 50m original resolution, eMAS aggregated to 750m resolution, and VIIRS at 750m plumes. Again, results (below) indicate the Deep-Blue path is superior to the IR-
original resolution), the researchers found that the algorithm detects a smaller, Visible path in detecting thin smoke and is more consistent with higher Aerosol
more compact smoke plume at the coarser resolution (750m). It also appears to Optical Depth, a quantitative measure of aerosol concentration that is included for
miss detection of thin smoke at the edge of the plume, confirmed by the higher reference. A large difference is also seen in how well the IR-Visible path performs
standard deviation values seen in the "eMAS aggregated” and “VIIRS" runs, below. when run on eMAS versus VIIRS observations, which Dr. Ciren notes “is caused by

AD PeMAS AD Pt-:-MAS_agg regated AD I:,VIIRS

a) RGB b) Smoke mask c¢) SD_0.65um d) RGB e) Smoke mask f) SD_0.67um g) RGB h) Smoke mask i) SD_0.65um

."'.I-“g .‘\\-. i

\fici SD_0.65um v 0.67 | N ~ $D_0.65
IR-Visible o IR-Visible  __20-0-5/Ka IR-Visible =™ P
algorithm  o.00 0.015  0.03 algorithm 0.00 0.03  0.06 algorithm  o.00 0.03  0.06

smoke differently depending on the time of day and where they are located with

A ]
detects thin smoke better (shown on the w—% . L‘

. . . . . Smoke
right in pink) than the IR-Visible path. e respect to the surface when observations are made.
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Adding to the challenges, analysis also revealed that the surface reflectance

STORY SOURCE

The information in this article is based, in part, on the February 23, 2022, JPSS Science Seminar titled
“Heterogeneity of Smoke from Fires: Evaluation of VIIRS Smoke Detection Using FIREX-AQ Field Campaign
not be optimal for eMAS observations. This difference impacts IR-Visible path Data” presented by Dr. Pubu Ciren, I.M. Systems Group, with contributions from Dr. Shobha Kondragunta,
NOAA/NESDIS Center for Satellite Applications and Research (STAR), Co-lead for the NPP/JPSS Aerosol
Calibration and Validation Team.

parameterization is not adequate for all conditions. The surface reflectance

relationship in the ADP algorithm is derived from VIIRS observations and may

performance when applied to eMAS observations in thin smoke conditions.

More Challenges, Many Opportunities

g y-PP REFERENCES
FIREX-AQ data provided valuable information about the VIIRS ADP performance. American Geophysical Union. (2021, August 11). Wildfire smoke may lead to less rain in the western US.
Comparison of the VIIRS smoke mask to the eMAS smoke mask shows that the Phys.org. https://phys.org/news/2021-08-wildfire-western.html

Chen, G., Guo, Y., Yue, X., Tong, S., Gasparrini, A., Bell, M.L., et al. (2021). Mortality risk attributable to
wildfire-related PM2.5 pollution: a global time series study in 749 locations. The Lancet Planetary Health,

probability of correct detection is >80% for thick smoke plumes with either the

Deep-Blue path or the IR-Visible path. For thin smoke plumes, the Deep-Blue path 5(9):E579-E587. https://doi.org/10.1016/S2542-5196(21)00200-X
(75%)is more accurate than the IR-Visible path (33%). These findings are consistent Falka, J. (2018, November 13). Major Campaign Aims to Unravel Exactly What Is in Wildfire Smoke.
with previous tests that Compared the pI‘OdUCt to the CALIPSO/CALIOP Vertical Scientific American. https://www.scientificamerican.com/article/major-campaign-aims-to-unravel-

. . . . . exactly-what-is-in-wildfire-smoke/#
Feature Mask that uses lidar to look at the distribution of aerosol and cloud particles.

Kondragunta, S., Laszlo, I., Zhang, H., Ciren, P., and Huff, A.(2020). Chapter 17 - Air Quality Applications of

. . . . ABI A | Products f the GOES-R Series. In S.J. Good , T.d. Schmit, J. Daniels, and R.J. Red

Right now, when smoke is heterogeneous—made up of thick and thin smoke— Srosol Froduets from the eries.n eodman enm! aniets. an edmon
(Eds.), The Goes-R Series (pp. 203-217). Elsevier. https://doi.org/10.1016/B978-0-12-814327-8.00017-2

only parts of the plume are detected with ADP. Dr. Ciren explains that "sub-pixel Lu, X., Zhang, X., Li, F., Cochrane, M.A., Ciren, P.(2021). Detection of Fire Smoke Plumes Based on Aerosol
variability affects smoke detection” particularly for thin smoke, and improvements Scattering Using VIIRS Data over Global Fire-Prone Regions. Remote Sensing, 13(2):196. https://doi.

are underway to address these challenges. One opportunity is to use the VIIRS 0rg/10.5390/rs15020196

National Oceanic and Atmospheric Administration, National Environmental Data and Information Service.
(2021, July 15). Earth from Orbit: Wildfire Smoke Blankets U.S. https://www.nesdis.noaa.gov/news/earth-
possible. Another is revising the IR-Visible algorithm path to include view angle orbit-wildfire-smoke-blankets-us

Day/Night Band or other night observations to make nighttime smoke detection

dependence for some spectral contrast thresholds. National Oceanic and Atmospheric Administration. (2020). Visible Infrared Imaging Radiometer Suite
(VIIRS) Enterprise Aerosol Detection Product (ADP) Users’ Guide. https://www.star.nesdis.noaa.gov/
smcd/spb/ag/AerosolWatch/docs/EPS_ADP_Users_Guide_V1_Sep2020.pdf

PERSPECTIVE
Sayer, A.M.(2020). How Long Is Too Long? Variogram Analysis of AERONET Data to Aid Aerosol
Observations from field campaigns, like FIREX-AQ, provide a unique opportunity Validation and Intercomparison Studies. Earth and Space Science, 7(9): e2020EAQ001290. https://doi.

for in-depth analyses of algorithms like those for the VIIRS Aerosol Detection 0rg/10.1029/2020EA001230

U.S. Environmental Protection Agency. (n.d.). Which Populations Experience Greater Risks of Adverse

Health Effects Resulting from Wildfire Smoke Exposure? https://www.epa.gov/wildfire-smoke-course/
measurement range to reliably observe smoke events to help air quality forecasters which-populations-experience-greater-risks-adverse-health-effects-resulting

Product. Despite challenges, the VIIRS ADP already has the needed accuracy and

provide timely warnings and alerts to the public. University of Wyoming. (2018, March 5). Wildfires: Smoke and cloud interactions unexpectedly result in
cooling. ScienceDaily. www.sciencedaily.com/releases/2018/03/180305160208.htm

For interested readers, the VIIRS Aerosol Detection Product is available on the
NOAA AerosolWatch website at https://www.star.nesdis.noaa.gov/smcd/spb/
ag/AerosolWatch/, which updates VIIRS observations daily. These data play an
essential role in tracking smoke plumes as they move and grow, which is critical as

wildfires become more extreme and frequent. +
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FEATURE 3

On the Lookout
for Bioluminescent

Milky Seas:

A 100,000 km? milky sea as seen with the VIIRS Day/Night Band drifts in the waters offshore of Java on August 4, 2019. Source: NASA Worldview.

For hundreds of years, mariners have
told and retold a tale of ghostly seas,
glowing as if covered by a stark white
sheet, that stretch on as far as the eye
can see while sailing on the high seas
under the dark, moonless night skies.
Maritime reports from as far back as
the 1600s give detailed accounts of
this seemingly impossible sight—a
phenomenon called “milky seas.” A
uniform white light, milky seas are
surreal and disorienting and can make

swells disappear to the eye creating
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the illusion of a ship hovering above
the ocean’s surface. The character of a
milky sea’s glow is steady, widespread,
and unbroken, occurring as often in
calm and rough seas. This natural
wonder, which can last for hours, days,
or weeks on end, has puzzled mariners

and scientists alike for centuries.

Mariner tales of milky seas eventually
made their way back to shore,
inspiring the content of many maritime
novels—both Moby Dick and 20,000

Leagues Under the Seas mention the

] |

]100 km
[100 mi »

-9.0433°,109.7326° EPSG:4326 *,

“The whole appearance of the ocean was like a plain covered with

snow. There was scarce a cloud in the heavens, yet the sky appeared

as black as if a storm was raging.”

Captain Kingman of the American clipper ship Shooting Star, Java, 1854

remarkable sight in their adventures.
But milky seas have largely remained
a mystery to science because of their
remoteness and passing nature. Dr.

Steven Miller, a Professor at Colorado

'/ |

State University’'s Department of
Atmospheric Science and Director

of NOAA's Cooperative Institute for
Research in the Atmosphere (CIRA),
explains, “The maritime folklore is full
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This sample of bacterial bioluminescence in a flask demonstrates the
effect as currently understood. Source: S. H. D. Haddock, Monterey
Bay Aquarium Research Institute.

of wild and crazy stories—some of them turn out to
be hoaxes, others are honest misperceptions, and a
few, like the ‘Kraken’ sea monster—a giant squid that
attacked the Nautilus in 20,000 Leagues Under the
Seas—are rooted in reality. Milky seas sort of fall in
that category of ‘we know they’re out there, but we're
not entirely sure what they are or what causes them.’
Until we can objectively study them, they remain

outside of our scientific knowledge.”

That claim does not stop the fun of hypothesizing.
Milky seas are thought to be caused by certain
strains of bacteria that emit light through a process
called bioluminescence. More familiar light-emitting

organisms, like dinoflagellates, produce sporadic

flashes of light to startle
and chase away predators
when water is disturbed,
like at shore break orin
ship wakes. But milky

sea bioluminescence is
different—it is steady and
constant and seems to

have a different purpose.

Very little is known about
why milky seas are so
uncommon in nature
despite the abundance
of oceanic bacteria.
Knowledge as to how or
why they form, where
and when they do, their
composition and space/
time structure, or their
role within the marine
ecosystem continues

to evade researchers.
Prof. Miller hypothesizes
that the light of milky
seas could attract

fish, which might have
meaning for the fishing
industry, but he is quick
to note that the sporadic
and remote nature of
milky seas could make
such a use impractical.

Miller suggests, “The

so what? of milky seas could in fact run
much deeper. They could hold important
clues to understanding broader questions
about extreme responses of the marine
ecosystem and primary production—at the
very base of the food chain—in the face of a

changing earth system.”

With such looming questions, understanding
the milky sea phenomenon seemed
important enough to warrant more than a
brief investigation of what has historically
been a“golly gee whiz!” topic of fascination.
So far, there are many clues. Key to the
pursuit of answers is a means to detect
them, getting out to them, and measuring
them on-site. At the March 2022 JPSS
Science Seminar, Miller shared his team’s
early success in beginning to unravel the
secrets of bioluminescent milky seas, the
subject of two recently published science
articles (https://www.nature.com/articles/
s41598-021-94823-z and https://www.pnas.
org/doi/10.1073/pnas.2207612119).

CHANCE ENCOUNTERS ON
THE HIGH SEAS

There exist few known scientific encounters
with bioluminescent milky seas in recent
history. The first occurred in July 1985

when the US Naval research vessel
(R/V)Wilkes stumbled upon a milky sea
located east of Socotra in the Arabian

Sea. The research crew aboard the vessel

W el
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British merchant vessel S.S. Lima.

had been studying more common
forms of bioluminescence when they
unexpectedly found a remarkably
different bioluminescent “sheet” that
is specific to a milky sea. A filtered
sample of the near-surface waters
showed the presence of the luminous
bacteria Vibrio harveyi together with a
strain of algae called Phaeocystis. Much
like previous accounts, they described
brightly glowing water extending
“horizon to horizon in all directions,”
contrasting sharply with the night sky.
The dark wake produced by R/V Wilkes

suggested a possible organic surface
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slick being colonized by the luminous
bacteria. They also thought the glow
hovered above the surface, almost like a
“milky fog,” but a milky sea’s brightness
can impact depth perception. Other
accounts of milky seas describe a glow
from below the surface, leaving open

this important question of structure.

A decade later, on a moonless night in
1995, the British merchant vessel steam
ship (S.S.) Lima was sailing offshore

of the Horn of Africa (150 nautical

miles east of the coast of Somalia) and
suddenly crossed into bright milky white

waters. Captain J. Briand described
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the event “as though the ship was
sailing over a field of snow or gliding
over the clouds.” During their travels,
the crew noticed black patchesin the
water that they confused for slicks of
oil. Closer inspection with on-board
lamps revealed that these patches
were kelp that looked black against

the bright white water.

Relying on chance encounters to learn
more about milky seas is not practical.
Finding a way to remotely locate them
on a global scale would give scientists
a better chance to thoroughly sample

them on-site using the right equipment

and across their full life cycle. Miller
found a promising pathway toward
achieving this goal in Earth observation
satellites. NOAA's new generation of
polar-orbiting satellites, the Joint Polar
Satellite System (JPSS), carry a sensor
specially tuned to see very low levels

of light at night. While the intended
purpose of this sensor was for detecting
clouds at night from reflected moonlight,
its measurements have benefited many
other pursuits ranging from auroras, to
fires, to human-produced lights, and in

this case, bioluminescence.
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HUNTING FOR MILKY SEAS FROM SPACE: A EUREKA MOMENT

The question initially arose in 2003
during a lunchtime science conference
chat between Miller and his colleagues:
could bioluminescence be seen from
space? The understood answer in the
community was that “no, the light is too
weak, too transient, and occurs over
too small of an area compared to the
spatial scales resolved by satellites.”
But this was a “pie in the sky” type
question, as the friends considered
the future of low-light sensing

technologies. Intrigued, Miller (who at

S ST -

Defernse Meteorologic
Operational Linescan System (OLS)

that time was a satellite meteorologist
stationed at the Naval Research
Laboratory in Monterey, CA) searched
the internet for any nuggets related to
“bioluminescence, ocean, widespread.”
What he found was an obscure website
curated by William Corliss, called
Science Frontiers'—a sort of online
depot for “fact, or fiction?” scientific
curiosities. On that site was a feature
on the S.S. Lima report, extracted
from a publication in the journal

Marine Observer.

Fade out
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&
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o

Satellite Program (DMSP)

Satellite imagery from DMSP OLS (left) confirms the report of milky seas from S.S. Lima (right).
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The S.S. Lima report had details about
the milky sea encounter, including

date, location, temperature, and wind.
Using Defense Meteorological Satellite
Program (DMSP) Operational Linescan
System (OLS) nighttime lights imagery,
Miller and a specialist in marine
bioluminescence from the Monterey Bay
Aquarium Research Institute, Dr. Steven
Haddock, studied images from the date
and location in the ship report. Both
researchers noticed a faint smudge just
like the S.S. Lima account. The feature

persisted over several nights, swirling in

S.S. Lima

Sharp boundary
7.972 N, 52.732E

~6 hour

Heading 207°
Speed 13.2 kt

a counterclockwise motion that matched
the analyzed sea surface currents of

an eddy, a circular current of water
opposite to the main current. It was the
first confirmation of a bioluminescent
milky sea from space and the first view
of a milky sea in its entirety—this one
spanning 15,400 km?, about the size of

Connecticut. Eureka!

Building on this discovery, Miller's team
dove into other historical maritime
reports matched to the DMSP OLS
imager, but without success. While

the satellite imagery of the S.S. Lima
sighting offered researchers hope, the
quality of DMSP OLS imagery was too
poor to reliably find milky seas. With

a spatial resolution of 3-5 kilometers
(km), very noisy (“salt-and-pepper”)
data, and very limited sections of usable
imagery swath, using OLS imagery to
locate milky seas was nearly impossible
without prior knowledge about their
occurrence and exact location. The S.S.
Lima and OLS pairing teased what might
be possible from space, but Miller and
his team needed new remote sensing
technology to know for sure. More
detailed, better resolution imagery was
needed to find unknown events. Enter
the NOAA JPSS and its Visible Infrared
Imaging Radiometer Suite (VIIRS) Day/
Night Band.
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The Revolutionary Capabilities of the VIIRS Day/Night Band

The VIIRS Day/Night Band, a next generation nighttime low-light sensor, debuted
in 2011 on the NOAA Suomi National Polar-orbiting Partnership (Suomi NPP)
satellite. It is about 100 times more sensitive than the DMSP OLS and can spot
faint nighttime lights over land and sea and in the atmosphere. “The spectral
bandpass of VIIRS is very similar to DMSP but the spatial resolution is significantly

better, offering sub-kilometer spatial resolution,” notes Miller. This significant

improvement can be seen in the comparison below.
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Nighttime city lights over Kuwait City captured by the DMSP OLS sensor at 3-5 km resolution (left) and the VIIRS Day/
Night Band at 742 meter resolution (right).
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| Day/Night Band capabilities are revolutionary!
“Day/Night Band capabilities are revolutionary!” exclaims Miller. “The sensor resolves

the light across a large dynamic range of brightness, allowing satellites to distinguish
sources ranging from the faintest light of reflected moonlight to the brightest lights
of cities, fires, and lightning flashes,” he continues. “It can penetrate thin cirrus
clouds to see low level circulations of developing tropical storms. It can even see the
faint glow produced by Earth’'s atmosphere, and the ripples of light produced by the

propagation of gravity waves carrying energy from one place to another!”
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Relative response

Relative response

These qualities are useful to weather forecasters, disaster responders, weather
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Band observations in regions where milky seas were

CLICK IMAGE TO ENLARGE. Spectral
response functions of the DMSP OLS
sensor (top) and VIIRS Day/Night Band
(bottom)showing the spectral overlap
for bioluminescent bacteria (in gray).

commonly reported. It took years of looking, learning,
and languishing, but with a perseverance fueled by

hope, in the end what they found was remarkable.
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THE TIDES TURN: A RETURN
TO SOMALIA AND JAVA

Everything changed when the team

 b)i21January 201822142, + - 0)i22 January 201821562+ I*
, 4 ‘ ¥ X "‘.- A :52 : . :54 e & :56

looked at Day/Night Band imagery - A 54
of the Somali Sea from 2018 and saw J ot :
something curious—a shadowy swoosh
that persisted in the same place for w15 % Somalia

night after night. Miller recalls, Somali Sea
“...climatologically speaking, it's the ol Location/Extent on 20 Jan 2018

right spot to see something. Best thing

might be to look at adjacent nights,
the night before last and tonight. | | - e X = 4.66N, 54.51F

just did this...holy cow...I think we Mogadihy

have something here!!! Look—a stable
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feature over multi ple nlghts. ° HYCOM 09 hour forecast valid 2018/01/22 at 21:

Further tests checked all the boxes
for a bioluminescent milky sea, and

incredibly, it was in the same general

- L

area and time of year as the S.S. Lima

¥,
16 -

Sp—

sighting 23 years earlier. When the
team looked at ocean conditions from
other satellite and model data for the
date and location, they saw changes

in sea surface temperature, elevated

biomass (in terms of chlorophyll-a Lk B N, g =5 [ :
' : 298.0 298.5 299.0 299,5 300.0 3005 3010 o et g8 ! 2 5 B 02 04 06 08 1 12 14 16
. = - v > 175 P > P A ~ B b, gna .
concentration), and sea surface 7 Surface TemperaturedK) » v | Sea Surface Current (m/s)

currents that lined ey with mllky Sl A milky sea in the Somali Sea corresponds with changes in sea surface temperature, chlorophyll-a concentration, and sea surface currents.
boundaries and explained its drift over
several consecutive nights. Could this

provide a clue for an ideal habitat?
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Most maritime accounts from the
past two centuries have been logged
in the Indian Ocean, especially the
northwest region that includes the T ST s 22107 SR

Somali and Arabian Seas, indicating 4/?: 60 52 54
a potential hot spot for activity. : : :
When Miller and his team focused on
this region, they found several more
potential milky seas in Day/Night Band
imagery archives. But the best was yet
to come on the opposite side of the
Indian Ocean and in a spot with its own

unigue milky sea history.
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Several milky seas identified in the northwest Indian Ocean near the Horn of Africa during July, September, and January.
I Each structure (highlighted by pointers) was observed to persist and drift with the analyzed sea surface currents over
Somalia multiple nights and was not correlated with the ever-changing meteorological cloud field.
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In late June of 1854, a lone American
Clipper ship, the Shooting Star, sailed
silently over the midnight black waters of
the tropical eastern Indian Ocean south
of Java. Suddenly, to the amazement and
horror of the crew, they find themselves
confronted with something otherworldly.

According to the ship’s Captain:

'/ |

The whole appearance

of the ocean was like a

plain covered with snow.
There was scarce a cloud

in the heavens, yet the sky
appeared as black as if a
storm was raging. The scene
was one of awful grandeur,
the sea having turned to
phosphorus, and the heavens
being hung in blackness, and
the stars going out, seemed
to indicate that all nature
was preparing for that last
grand conflagration which
we are taught to believe is to
annihilate this material world!

Captain Kingman, Shooting Star

'/ |
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Fast-forward to the same location 175
years later (July 2019) and from 824 km
(512 miles) above the Earth’s surface,
the orbital altitude of JPSS satellites.
Miller was looking at VIIRS Day/Night
Band imagery around the Maritime
Continent—the region between the
Indian and Pacific Oceans that includes

Javain Indonesia. In this case, he was

searching for examples of “false alarms”

for milky seas, sometimes caused
when similar cloud structures form

in the same place from night to night
because of repeating patterns known
as the diurnal cycle. Instead, and to a
level of surprise rivaling that of Captain
Kingman, Miller noticed a massive
swirling feature south of Java with

all the tell-tale signs of a milky sea.

A thermal emission was immediately
ruled out because, per Planck’s law,
the sea surface temperature would
have to have been an unrealistic
620°F (327°C/600°K) to produce a
thermal signal measurable by the Day/
Night Band. Miller had accidentally
stumbled upon the largest milky sea
detected from space to date, and one
that would change the game in terms
of offering key clues on composition

and structure.

-~ < ot
'</TA|WAN

THAILAND N

» ) VIETNAM ~ PHILIPPINES

L b

EA /" %”ﬂ '
SULU = ’
. SEA

= MOLUCCA § e

“ceLeses, o/ SEA
SEA |

<
\ 2 TIWORO PR

& | ¥ BANDA SEA “BE
ORES SEA

The largest milky sea detected to-date off the southern coast of Java lasted July-September 2019. On the right is VIIRS
Day/Night Band False Color imagery showing the enormous extent of the milky sea.

This glowing swath of ocean south of Java spanned over 100,000 km?, about the
size of Iceland. At that scale, it would take about six hours at 50 miles per hour
(80 km per hour) to “drive” across it from end to end. Other satellite data showed
cooler water temperatures, higher concentrations of chlorophyll-a, and two
eddies that matched up with milky sea edges and explained its changing shape
over time. These conditions were consistent with previously identified events but
with detail never seen before. In one portion of the waters, the glow was so bright
that small cumulus clouds appeared as dark objects in the imagery because they
obstructed some of the light coming up from the water. What a sight this must
have been at the surface!
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Remarkably, on the night of August 2, 2019, a private yacht called Ganesha,
crossed through a portion of the glowing waters. After later learning about Miller’s
research from media coverage, the Ganesha crew reached out to Miller to share
their recollections and the first photographs of a milky sea in nature (below). Like
previous mariner reports, they described the experience as if they were “sailing on
snow”—an unchanging and steady glow brighter than the night sky. But, they also
remarked that the light appeared to emerge from deep within the ocean, maybe
even as deep as 30 feet, throwing into question the idea of a milky sea “surface

slick” previously hypothesized. Even with surface observations, questions remain!

Samsung Galaxy S9+ 2] Human Perception

Horizon

i Ganesha’s
ocation

Left: VIIRS Day/Night Band imagery from August 2, 2019 showing the milky sea and the approximate location of the
yacht Ganesha on that date. Middle (A): GoPro and smartphone photographs of the milky sea glow captured by Ganesha’s
crew. Right (B): A color-adjusted version of the smartphone photo approximating the visual perception of the glow from
the Ganesha. Source: Miller 2022.

The Java milky sea endured for more than 40 nights in 2019, tracked with satellites
by Miller, including a two week pause in observations when the moon was too bright
for the glow to be visible on Day/Night Band imagery. The surprise of seeing the
milky sea reappear after this interruption gave Miller new hope that a future large
event could stick around long enough for researchers to reach it in a realistic time

frame and sample its waters, potentially laying to rest some of the mystery.
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A 100,000 KM? VANISHING ACT

Complicating the hunt for milky seas
is the unique way they emit light.
Milky seas do not produce infrared or
reflective signatures and their light
emissions are about 10-100 million
times fainter than daylight scenes,
which means they are completely
invisible in daytime satellite imagery
(despite the likelihood that the bacteria
are also glowing during the day). As
mentioned before, moonlight makes
it hard to continuously hunt for milky
seas, as moonlight is about 100 to

1,000 times stronger than these

-10.5 -10.2 -9.9 : ..
Scaled Radiance

bioluminescence signals. Because of
this, milky seas are only detectable on
moonless nights—about half of the 29.5-
day lunar cycle. Looking at Day/Night
Band imagery of the Java event during

a moon-free period (below), the 100,000
km? milky sea off the coast of Java is
undetectable in the daytime imagery
but is unmistakable as a persistent

bright anvil shape at night.

Milky seas are hard to spot and
fleeting—smaller events only appear
to last a few days or a couple of weeks

-9.6

Day/Night Band images from day (top row) and night (bottom row) for three consecutive moon-free dates during a milky

sea event off the southern coast of Java.
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at most. So how are researchers sure
that a smudge on a satellite image is a
milky sea and not one of the many other
possibilities, like clouds reflecting
airglow? Several clues and techniques
help piece this together. Milky seas
move and change slower than clouds
over consecutive nights, making them
easy to tell apart in most cases, and
most clouds tend to be colder than
what lies beneath them, which helps
them stand out in nighttime infrared
imagery. Reflective suspensionsin
water are sometimes viewable at
night, but if that were the case it
would also imply that the reflected
suspension would easily be seen in
daytime by reflected sunlight. The off
and on nature of milky seas between
day and night helps to single out

the bioluminescence.

Also, because there are two Day/
Night Band sensors on two JPSS
satellites collecting measurements
about 50 minutes apart, a milky sea
can be looked at from two different
angles and checked for parallax shifts.
Parallax shifts occur when a satellite
views something that is above the
surface (like a cloud) from two different
angles. The higher the altitude of the
object—its vertical elevation above

the surface—and the more tilted and
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The Java milky sea event in August 2019 as detected by OLS (left) and VIIRS Day/Night Band (right).

opposite the two viewing angles are
from each other, the larger the shift
will be. A milky sea, which is part of

the surface (not on top of it), produces
no parallax shifts and so it appears
stationary. This makes it easier to tell
apart from clouds and airglow features
in the atmosphere. Clouds and airglow
can also evolve and move rapidly, unlike
milky seas, which are subject to much

slower ocean currents.

Through all this high-tech multi-spectral
sleuthing, ‘Sherlock’ Miller and his team
of 'Watsons’ showed that not only can
the VIIRS Day/Night Band detect milky
seas, but at a reliability that presents

a dramatic improvement over the OLS
sensor. Importantly, the improved image
quality of VIIRS may be sufficient to
locate milky seas remotely and without
the help of a surface observer. But
detection is one thing—understanding

the cause and making accurate

predictions of future eventsis another.
The reasons for milky sea formation and
their preference for the Indian Ocean
are not well understood. Coordinating

a milky sea response team will require

a better sense for what makes milky
seas “tick,” and this defines the current

direction of scientific inquiry.
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HOT SPOTS: WHAT'S SO SPECIAL ABOUT THE INDIAN OCEAN?

on 4 (@ WINTER

Q)
10'N — \
] NMC .
0" - ﬁ—<
EJ

Northeast Monsoon
October - March

74

Indian Ocean

Ny

Southwest Monsoon
April - September

EAce ECC o \
* p—
© SEC
%
2on 4 (D) SUMMER
W
A I

10°N — ’% \LA

10°S -

SMC

!
&
8
vI
<

10's — @ < 4

Indian Ocean
! Au

causes a strong northeasterly flow that defines the Northeast Monsoon. The
opposite phenomenon occurs during the hot summer months of the Southwest
Monsoon season, when the Tibet Plateau heats up and draws in warm, moist air

over the Indian subcontinent.

These summer and winter season monsoonal winds blowing across the northwest
Indian Ocean transfer some of their momentum into the water, driving surface
currents that cause mixing and upwelling along the northeast African coast.
Upwelling draws nutrients up from deeper

water to the ocean surface. Algae (or plankton)

Coastlineﬂ

feed on these nutrients, which explode into
huge ‘blooms’and set the biological process
Upwelling ‘

of milky sea formation into motion. The more

nutrients, the more algae, the more bacteria

can colonize. But if it were that simple, why do
Illustration of the upwelling process. Source:

milky seas seem to be so uncommon? Wikipedia Creative Commons.
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The Indian Ocean Dipole of the Maritime Continent

For milky seas in the Maritime Continent region (eastern equatorial Indian Ocean),
the processis less obvious as there is no apparent link to seasonal weather. But
there is a coupled atmosphere-ocean circulation known as the Indian Ocean Dipole
(IOD). This circulation is like the EI Niflo Southern Oscillation that affects U.S.
wintertime weather but occurs in the Indian Ocean instead of the Pacific Ocean. It
involves a flip-flop in sea surface temperatures and rainfall across the equatorial
Indian Ocean basin, with the positive phase producing a warmer, wetter west and

a cooler, drier east, and the opposite during the negative phase. For the Maritime
Continent, it is this positive IOD phase—when stronger than normal easterly winds
blow across the region—that promotes mixing and upwelling, potentially leading to

more productive algal blooming and favorable conditions for milky sea formation.
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Indian Ocean Dipole (IOD): Positive phase

Although the data are sparse, there is anecdotal evidence that the IOD may be an
important player in this process. During the massive Java milky sea event in 2019, a
major positive I0D phase was occurring. Sea surface temperatures were unusually
cool with high concentrations of chlorophyll-a—a measure of algae extent in
water—seen in areas of upwelling (along with increased sightings of filter-feeding
whale sharks by divers near Christmas Island!). Four years prior, in 2015, another
Banda Sea event was linked to a positive-phase |0D. Miller and his team continue
to explore this plausible hypothesis for the erratic but sometimes enormous milky
seas of the Maritime Continent.
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At the same time as the Java event, a smaller milky sea was occurring in the Banda
Sea—also within the Maritime Continent but off to the northwest by 2,000 km. The

coexistence of these events and their geographic closeness suggest a regional
response to the I0D. The irreqularity of the 10D, whose strength is thought to
depend on its phasing with the EI Nino Southern Oscillation further to the east,
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Map showing the relative proximity of the simultaneous milky sea events off the coast of Java (left) and in the Banda
Sea(right)in July and August of 2019. The date break for the Java event pertains to limitations in the Day/Night Band to
observe milky seas under moonlight conditions; the event was likely continuous over this period. Map source: Britannica.
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TRILLIONS OF BACTERIA
GLOWING IN UNISON, BUT
FOR WHAT PURPOSE?

Nutrient-rich upwelling waters offer
ideal habitats for large algal blooms (for
example, Phaeocystis), which are targets
for luminous bacteria(like Vibrio harveyi)
thought to cause milky seas because

of the steadiness of their glow—a

unique characteristic of bacterial
bioluminescence that separates it from

the dinoflagellate “flashing” light. Once

-

.........

...........

| bacteria wantto attract a prdator, like
a fish, and be swallowed by it. Bacteria
love to live close to fish, typically in

their gut. Once swallowed and inside the

fish, bacteria can thrive in the gut and

74 | 2022 JPSS ANNUAL SCIENCE DIGEST

................................................

no longer need an algal bloom to feed
on. So, the would-be predator isin fact
a host. The relationship between the
algae, bacteria, and fish is still murky
but scientists think it could be mutually

beneficial for all organisms involved.

Fish with a bioluminescent lure
on its head to attract prey.
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P
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light up their underbellies to blend in
with light shining down from the ocean
surface so that predators swimming

below cannot pick them out.

In this line of thinking, Miller suggests milky seas may be yet another expression of
survival with a remarkable bulk visual effect—a typically microscale phenomenon

exploding to the macroscale:

“The glow of a milky sea may in fact be the result of trillions of little
individual glowing specks of colonized algae or other organic matter in
the water. It’s like [the Dr. Seuss book ] Horton Hears a Who, but in this
case the Who's are hundreds of millions of bacteria living on each speck,
all calling out in unison a luminous chorus of ‘We Are Here!!’ In the more
common case of an isolated glowing particle, ‘Horton the Haddock' finds
the lure, eats it, and they all live happily ever after! But the extreme case

of a milky sea, who knows how the story ends?”
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CLICK IMAGE TO ENLARGE. VIIRS Day/Night Band imagery (left), sea surface temperature (middle), and chlorophyll-a
concentration (right) for the 2019 Java milky sea event.
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HYCOM 06 hour forecast valid 2019/08/07 at 18:00 UTC
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other ingredients we are not detecting,

_ . yet another clue to milky sea formation.
where milky seas thrive.” In fact, he . T
e , ) , Often, milky seas sit within the
notes, “it's almost like a ‘Goldilocks )
. , ) doldrums—calm regions of weak ocean
Zone'is at play, which could explain

76 | 2022 JPSS ANNUAL SCIENCE DIGEST

HYCOM 09 hour forecast valid 2013/08/02 at 21:00 UTC
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from their doldrum zones of formation environment, retaining their special
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and were carried up into faster flow. properties for an extended period.
Still others appeared to align right on

the edge of strong currents along the
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The Natural Flask Hypothesis

All these clues about milky sea activity
and habitat led Miller to ask a natural
next question: what physical properties
could produce such a habitat in the
open ocean? The open ocean contains
no artificial barriers to wall-off and
nurture an isolated habitat for milky
seas, but some naturally occurring
processes could serve that function.
This idea guided Miller toward a Natural
Flask hypothesis. The idea is that the
thermocline (cold water) from below
and ocean current shear layers or water
density gradients (oceanic fronts)

from the sides can create a natural

enclosure (like a laboratory flask) to
support a habitat for milky seas—a
calm, temperate, unmixed zone. With
all the right ingredients in place—sea
surface temperature, organic content,
water chemistry, strain(s) of luminous
bacteria, and perhaps other factors—
could such a“natural flask” serve as

an incubator for milky seas? Testing
Miller's hypothesis will require directing
research ships out to collect samples
for further study, the logistics of which
point to the central role of satellite

remote sensing.

Calm, Temperate, Undilute

Thermocline
(Cold Water)

The Natural Flask hypothesis is based on the idea that calm, temperate, and undilute waters could form an incubator
zone for luminous bacteria growth and ensuing milky sea formation.
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THE QUEST FOR ANSWERS CONTINUES

While Prof. Miller and his team are
starting to understand milky sea
structure and preferred environments
from afar, many questions remain that
only on-site sampling can answer.

The newly demonstrated ability to
remotely observe milky seas with a

new generation of low-light sensorsin
space paves the way toward possible
research vessel deployments. Detailed
and targeted measurements from such
an excursion could help answer several
key science questions surrounding this
long-standing mystery of the high seas
and fascinating symbol of maritime lore.
Namely, what are the exact sources

of bioluminescence involved in milky
seas? Where in the water does the glow
come from? How do milky seas relate
to the marine ecosystem? What can
their formation tell us about an air-sea-
biosphere connection? The relationship
between fish behaviors in and around

milky seas is unknown.

Miller and his team continue the
satellite-based hunt for milky seas with
VIIRS Day/Night Band observations
lighting the way. They are exploring ways
of applying machine learning to help with

the overwhelming task of sifting through

massive amounts of satellite imagery in
search of new cases. Miller's hope is to
use an automated technique to at least
filter out obvious noise, like clouds that
can be easily separated based on their
thermal signatures, and to improve the

speed at which events are identified.

Miller is working with the maritime
community and bringing awareness
about the research to NOAA, NASA, and
international scientists who run field
programs in regions where milky seas
are commonly seen. He is also in touch
with several nature production film
crews who are keen to capture milky
seas on film for the first time. The hope
is that satellites can help quide them
there. “To me, milky seas are like the
8th Natural Wonder of the World—if

| ever had the great fortune to find
myself on-deck, gazing down upon a
milky sea, | would throw caution to the
wind and dive right in,” Miller muses.
“To finally be surrounded by that glow
that keeps calling out to me, beckoning
from the recesses of my mind and over
the course of my career...We Are Here!!

Come Find Us!”

The quest continues! +
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STORY SOURCE

The information in this article is based, in part, on the March 21, 2022, JPSS Science Seminar presented
by Prof. Steven D. Miller, Department of Atmospheric Science and Director, Cooperative Institute for
Research in the Atmosphere (CIRA) at Colorado State University, with contributions from many, including
Steven H. D. Haddock, Monterey Bay Aquarium Research Institute; William C. Straka, Ill, University

of Wisconsin-Madison; Curtis J. Seaman, Cynthia L. Combs, and Wei Shi, Colorado State University;
Menghua Wang, National Oceanic and Atmospheric Administration; and SungHyun Nam, Seoul National
University.
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Trend in TPW, 1988-2017 (kg/m2 per decade)

Trend in Total Precipitable Water from 1988 to 2017 showing an ocean-only increase of 1.49% per decade.

Source: Mears et al. 2018.

that the U.S. experienced extreme
rainfall and devastating floods

from tropical cyclones. As flooding
intensifies and becomes more frequent,
early recognition of weather patterns is
critical for providing timely alerts to the

community and relevant authorities.

Weather forecasters use a variety of
tools to detect conditions that could
lead to flooding to warn and protect the
public. Knowing the amount of moisture
in a vertical column of air, called

precipitable water, gives forecasters an

idea about how much rainfall is possible.
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Water vapor in the atmosphere is an
essential ingredient for forming clouds
and precipitation. “To protect life and
property and predict destructive floods,
weather forecasters need to see how
much water vapor is in the atmosphere
and how it is flowing,” explains John
Forsythe, a Senior Research Associate
at the Cooperative Institute for
Research in the Atmosphere (CIRA) at
Colorado State University. He notes that
“often this moisture is far away over
distant oceans where satellites provide

the only way to see what's happening.”

5

“-L-Precipitable
| Water

Precipitable water is the amount of atmospheric water
vapor contained in a vertical column above a fixed point
between any two specified levels. It does not indicate
how much it will rain, but rather, how much moisture is in
the air within a vertical column. Diagram adapted from
Goenka 2017.

USING MICROWAVES FOR
WEATHER FORECASTING

Forecasters use water vapor data

from satellite-based microwave
instruments, like the Advanced
Technology Microwave Sounder (ATMS)
onboard NOAA Joint Polar Satellite
System (JPSS) satellites, to monitor the
movement of atmospheric moisture.
Microwaves penetrate clouds allowing
forecasters to “see” the moisture
beneath them, and microwave sensors
have water profiling capability
important for weather forecast
modeling. Knowing what is happening
under the clouds is critical for early
emergency planning in areas at risk

for flooding.

Microwave data are used, in part, to
create water vapor products that

help forecasters identify areas of
high moisture that can lead to heavy
precipitation. Historically, these
products have been hard to use
because they combine data from many
satellites that have different retrieval
times—data is stitched together and
can appear disjointed or be missing
when a forecaster needs to make a
decision during a busy shift. To tackle
this and other challenges, Forsythe
and his colleagues at CIRA and Tony
Wimmers of the Cooperative Institute
for Meteorological Satellite Studies
(CIMSS) at the University of Wisconsin-
Madison have applied new scientific
approaches to improve two existing
multi-satellite water vapor products
that give forecasters a unique view of

water vapor in the sky.

Atmospheric Rivers: The “Plumbing”
of the Sky

Atmospheric rivers are streams of water
vapor moving through the sky. They
typically come from tropical areas of
warm, moist air, flowing long distances
and over mountains where they drop
water in cooler areas as rain or snow.
Atmospheric rivers can be thought of as

a set of pipes with different diameters
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and flows, some coming together and useful for model comparison, and give
some not. Meteorologists use satellite- forecasters an understanding of how

based water vapor products to monitor different factors relate. As Forsythe

this “plumbing” of the sky and plan explains, “Forecasters look at these
for heavy rainfall events that could products to see where moisture is
cause flooding. coming from that day, how do ‘pipes’

of water vapor align—this provides

Two of these products are the newly

situational awareness of atmospheric

enhanced Blended Total Precipitable o
conditions.” The blended TPW upgrade

Water (Blended TPW) product developed
collaboratively by CIRA and CIMSS with
support from the NOAA JPSS Proving
Ground, and the Advected Layered
Precipitable Water (ALPW) developed

by CIRA. Both products are largely

and the new ALPW product will be fully
operational in 2023 and allow forecasters
to see the flow of atmospheric moisture
globally. In the interim, CIRA distributes
the ALPW to National Weather Service

(NWS) National Centers and partner

independent of numerical models for . Figure 2a.  BRlende ; : L Ry .
Weather Forecast Offices (WFOs). P ey B‘,“"”gﬁd Precipitable Water (mm) Product for October 14, 1994, 0000 UTC
gure 2i  Blended Precipitable Water (mm) Product for October 15, 1994, 0000 UTC.

Figure 2v.  Blended Precipitable Water {mm) Product for October 15, 1994, 1200 UTC,

the water vapor distribution, which is

The first Blended TPW product developed by NOAA in 1996 captured a large rainfall event near Houston.

Key Concepts ..
Blended Total Precipitable Water (TPW) Product Enhancements
Total Precipitable Water (TPW) is the condensed depth of water from the The first attempt at a Blended TPW (GOES) sounder, and the Eta model—
ground surface up to space, in other words, the entire column of water vapor if it product was in 1996 by Sheldon an atmospheric model used for short-
were condensed. Kusselson, Forsythe's colleague at term weather prediction in the U.S.—
CIRA. Working at NOAA at the time, to capture an event that dropped 29
Layer Precipitable Water (LPW) is the amount of water in a layer of the atmosphere d P PP
.. Kusselson and colleagues created inches of rain near Houston in 1994.
between two specified pressures—a pressure layer.
the product for internal use with two Since then, the product has evolved and
Advected Layer Precipitable Water (ALPW) is LPW but with model wind data added Special Sensor Microwave/Imager improved based on available satellites
to move (or “advect”) the LPW retrievals forward to a common time. It is used to (SSM/I) instruments, the Geostationary and satellite instruments.
separate moisture into layers. Operational Environmental Satellite
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The NESDIS Operational Blended TPW over GLOBAL

2022-04-26 1433-0137 UTC

Example of the NOAA operational Blended TPW global product.

Today’s NOAA Blended TPW product
became operational in 2009 and is
shared with forecasters through

the Advanced Weather Interactive
Processing System (AWIPS)
meteorological display and analysis
platform. It merges water vapor

data from the surface-based Global
Positioning System (GPS) with data from
several microwave sensors onboard
different satellites, retrieved through
the NOAA operational Microwave
Integrated Retrieval System (MiRS).
The result is a unified global map
showing areas of high moisture, like

those linked to atmospheric rivers.
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Product enhancements made by CIRA
go a step further by adding GOES-East/
West Total Precipitable Water (GOES
TPW) for clear skies and localizing

GPS coverage down to 100 km over

the mainland U.S. Beginning with

the launch of GOES-16 in 2016, the
GOES-R generation of satellites offers
significantly improved temporal and
spatial coverage compared to previous
GOES spacecraft. The team also applied
Morphed Integrated Microwave Imagery
at CIMSS (MIMIC) to Total Precipitable
Water microwave retrievals to blend the
different types of imagery—a needed

upgrade since retrieval times vary

Example of the enhancements to the Blended TPW product (CIRA experimental product)that is set to go operational in
2023. Clockwise from top left: MIMIC, GOES E/W, GPS Sites via MADIS, GPS extrapolated, Data Source, and Merged.

between satellites. The result is a more

forecaster-friendly product.

To see if they were on the right track,
CIRA surveyed different sets of
forecasters about the enhancements.
They gained access to end users
through the 2019 NOAA Hazardous
Weather Testbed Severe Weather
Experiment that ran over several weeks
and gave participants a real-time
environment to test products, and the
7th Annual Flash Flood and Intense
Rainfall Experiment held from June 17-
July 19, 2019, by the Hydrometeorology
Testbed at the Weather Prediction

Center that brought together the
meteorological community to explore
products and increase forecast skKill
for heavy rainfall and flash flooding.
Most surveyed participants (about
70%) thought the Blended TPW
enhancements (tested without GPS)
performed “better” or “much better”

than the current operational product.

The addition of GOES and GPS data
fills “holes” when no MiRS (microwave)
Total Precipitable Water retrievals are
available. GOES TPW retrievals, while
only available in clear skies, are of high

quality and add capacity to the updated
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satellites. The result is non-uniform
data coverage with periods of high
sampling but at irregular times.
“Optimally, we would want to have the
time interval equally spaced between
spacecraft, which would require more
satellites,” says Forsythe. The more
realistic option is to smooth out the
time spacing after data retrieval. This
is where CIRA's experimental advected

product comes in.

Smoothing Out Time: The Advected
Layered Precipitable Water

(ALPW) Product

Like LPW, the experimental ALPW
product shows atmospheric moisture in
four layers based on passive microwave
observations from multiple satellites
retrieved by MiRS. But unlike its
predecessor, the experimental product
relocates (“advects”) the time spacing

of the satellites to make it appear as

NIGHT

LOCAL TIM

DAY

B >

T

‘%‘: ALPW_01-0CT-2021

This "clock diagram” shows the local time of polar orbiting satellites used to produce the ALPW product. Note the

different orbits that contribute to irregular observation times.
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LPW (mm)

Suomi-NPP field of
view time is 11:10
UTC which is greater
than the trajectory
time of 11:00 UTC.
Solution achieved. y

- P -

Reverse
‘ wind vector

. &)

Wind are from the GFS 3-hour forecast

Target time
\ 15:00

= - ; ("-r
Suomi-NPP 700-500 LPW
April 20, 2016, advected to 1500 UTC
(~4-hour advection)

Schematic showing how the back-trajectory method works for advection.

if they pass over one point every hour
instead of at different times, largely
removing satellite swath lines and data
breaks. The result is a more continuous

and forecaster-friendly product.

ALPW uses Global Forecast System
model wind data to map individual
observations from differently timed
satellites to a common time by looking
at where trajectories started. The
figure above shows how this works.

On the right (“before”) is a swath of
water vapor data from the JPSS Suomi
National Polar-orbiting Partnership
(Suomi-NPP) satellite. Wind data is

added, and prior trajectories are looked
at in time (left), allowing for data to be
merged to a desired target time. The
advected result is shown in the “after”

image on the right.

Operational forecasters at NWS,
Weather Prediction Center, National
Hurricane Center, and select WFQOs have
been using ALPW experimentally since
2015. It is expected to go operational in
early 2023 along with the Blended TPW
enhancements and be widely available
through AWIPS. So far, the product

has been mostly used for precipitation

forecasting and to look at the
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how well forecast models
handle water vapor. ALPW
also helps forecasters
understand moisture
transport and connect it
to heavy precipitation.
Forsythe explains, “Plumes
of moisture can travel
long distances and be at

different layers—they can
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Example screenshot of ALPW product as it is seen in the product interface.

Advected Layered Precipitable Water (mm)
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CLICK IMAGE TO ENLARGE. Example of heavy snow forecasting with Layered Precipitable Water from the

Binghamton, NY NWS Weather Forecast Office for a November 2016 snow event in the Atlantic region. The 700-500
mb layer shows a lengthening moisture flow not seen in other layers, which resulted in several feet of snow
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MAKING THE JUMP FROM RESEARCH TO OPERATIONS

Forsythe learned early on that getting
experimental products into the hands of
operational forecasters is important for
gathering feedback and buy-in. Luckily,
NOAA uses a cooperative institute

model so there are long-standing

processes to pass data to NWS systems.

Because CIRA has an AWIPS-2 system—
the display system that forecasters
use—products can be developed at CIRA
and provided directly to forecasters

in their operational environment. In
fact, CIRA runs and distributes ALPW
every hour in AWIPS-2 format to 27
NWS WFQOs, the National Hurricane
Center, and the Weather Prediction
Center. This kind of access to
operational forecasters during product
development is vital to bridge the gap

between research and operations.

\Y Advected Layer,Precipitable Water prod
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Letting forecasters play with new
products goes a long way toward
proving their capabilities. So does
education and training. These
products have been a big part of the
JPSS Proving Ground Risk Reduction
(PGRR) River Ice & Flooding and
Hydrology Initiatives, which allow
NWS collaboration with developers

to improve the operational use

of JPSS data and products. The
precipitable water products were also
included in the World Meteorological
Organization Caribbean, Central and
South American Training Workshops.
CIRA's own Virtual Institute for Satellite
Integration Training (VISIT) program
offers numerous training sessions to
instruct forecasters on how to use and

apply new products to their process.

uct training

N

November 11-15, 2021 Atmospheric River event over the Pacific ﬁ;‘ﬂ‘l“::,‘[z
s oMot ow

Northwest and British Columbia

By Sheldon Kusselson

Their Meteorological Interpretation
Blog digs deeper into how water vapor
products benefit forecasters, including
real world examples. VISIT even has a
help desk where NWS forecasters can
ask satellite-related questions. The
VISIT program website is at https://
rammb2.cira.colostate.edu/training/
visit/. Dan Bikos, Jorel Torres, and
Sheldon Kusselson of CIRA continue
to play a key role in engaging and

educating forecasters.

The biggest challenge in getting
forecasters to use precipitable water
products is their geographic location,
finds Forsythe. He explains, “The West
Coast of the U.S. with atmospheric
rivers coming in from the ocean where
there are no surface observations—
here there is high interest in these
products because they are surrounded
by ocean and other data is limited.”
The same goes for Alaska and Hawaii,
but the opposite seems true for
landlocked regions. Forsythe continues,
“For forecasters in the Midwest and
Southern states, multi-satellite water
vapor products are not as high a
priority because they have radiosondes
[weather balloons]and other things

they can look at.” Interestingly, he notes

that television meteorologists will
often use CIRA’'s data to enhance their
forecasts—perhaps an unexpected but
welcome outcome of widely sharing

these products.

PERSPECTIVE AND
WORK IN PROGRESS

Extreme precipitation events are here
to stay and understanding what drives
them is critical to protect lives and
property. The success of making the
new Blended TPW enhancements and
ALPW available to NWS forecasters
and others has helped instill greater
confidence in evaluating heavy rainfall

threats. Still, work remains.

Through the JPSS Proving Ground,
CIRA is making progress on the
historical context of extreme rainfall
events by adding a climatology
component to rank big atmospheric
rivers. In the future, forecasters will
be able to get weekly or monthly
water vapor transport data from the
ALPW product and rank events as
they happen. Being able to compare
an evolving situation with previous
events will help forecasters and the
public better understand the threat and

proper response.
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Forsythe and his colleagues are also or something else entirely? “This is the NOAA Scidinks. (n.d.). What Is an Atmospheric River? National Oceanic and Atmospheric Administration.

https://scijinks.gov/atmospheric-river/

looking at minimum and maximum value of doing climatology that you don't
. . . Smith, A.B. (2022, 24 January). 2021 U.S. billion-dollar weather and climate disasters in historical context.

ALPW values and how they relate to see comparing day_to_day retrievals, National Oceanic and Atmospheric Administration. https://www.climate.gov/news-features/blogs/
weather conditions from a historical says Forsythe. Climatology and day- beyond-data/2021-us-billion-dollar-weather-and-climate-disasters-historical
perspective, which may shed ||ght on to—day observations go together and Wing, 0.E.J., Lehman, W., Bates, P.D., Sampson, C.C., Quinn, N., Smith, A.M., Neal, J.C., Porter, J.R.,
th f t flood s, W i th h oth d will and Kousky, C. 2022. Inequitable patterns of US flood risk in the Anthropocene. Nature Climate Change,

€ Cause ot past Tiood events. Yvas an strengthen each other and will serve as 12:156-162. https://doi.org/10.1038/s41558-021-01265-6
event linked to a big atmospheric river a foundation for future work. +
STORY SOURCE

The information in this article is based, in part, on the December 13, 2021, JPSS science seminar
presented by John Forsythe, Senior Research Associate, Cooperative Institute for Research in the
Atmosphere (CIRA) at Colorado State University, with contributions from Dr. Stanley Kidder (CIRA/
Colorado State University), Dr. Andrew Jones (CIRA), Sheldon Kusselson (CIRA), Dan Bikos (CIRA), NOAA
forecasters, and many others.
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).S. witnessed 11 severe storms causing 114 deaths and $20.8 billion in
| of that, at least another 7 lives and $2.6 billion were lost from flooding
ainfall or thunderstorms. Thunderstorms can produce softball-sized
je cars and windows; strong winds that knock down trees, power lines,
obile homes; and tornadoes that destroy nearly everything in their path. The
reatest severe weather threat in the U.S. is in “tornado alley,” an unofficial and shifting
~ region where tornadoes occur more frequently than anywhere else in the world. This
area generally extends from Minnesota down to Texas where Kaitlin Rutt works as a
forecaster in the National Weather Service (NWS) Amarillo, TX Field Office.

A supercell thunderstorm in Kansas. Source: Michael Coniglio, NOAA National Severe Storms Laboratory (NSSL).
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Probability of a tornado occurring within 25 miles on May 12, 2022, estimated from a 30-year period of severe weather
reports from 1982-2011. Source: NOAA NWS Storm Prediction Center.

As a meteorologist in Texas, Rutt is
faced with severe convective weather
that can form quickly and put small
communities in imminent danger. During
the summer, Texas forecasters need

to watch for atmospheric conditions
that can lead to severe weather. Timely
warnings about damaging wind or hail,
or the possibility of a tornado or flash
flood, is critical to keep the public safe.
Meteorologists use computer forecast
models to help decide if conditions

will be right for the development of
thunderstorms. One of these models is
the Rapid Refresh (RAP) model, a short-
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range operational weather prediction
system run at the NOAA National
Centers for Environmental Protection
(NCEP). Since it updates hourly, RAP is
particularly useful for the U.S. severe
weather forecasting community in
predicting what might happen that
same day. The model collects data
from weather balloons, radar, surface
observations, aircraft, and satellites to
produce forecasts going out 21 hours.
It is up to meteorologists like Rutt to
compare model output with current
atmospheric conditions and identify

areas of potential severe weather.

Convective Weather

Convective weather is the vertical transport of heat and moisture in an unstable
environment that produces severe local storms associated with thunder, lightning,

heavy rain, strong winds, and hail.

ATMOSPHERIC SOUNDINGS FROM SPACE

A sounding is a vertical profile of balloons that launch twice a day from

the atmosphere. Soundings allow 92 stations across North America and
forecasters to look at the vertical the Pacific Islands. Their infrequency
distribution of temperature, moisture, means hours go by between soundings
wind, and other features that are and their geographic coverage leaves
needed to predict severe convective large areas uncovered, as shown in the

weather. They are produced from map of launch sites below.

radiosondes attached to weather

American Samoa vﬂ_\ MEL o
o e U/A Sites
e M A GCOS Sites
Hawaii TR 5 |!I
pﬁil. R T Islands Puerto Rico and Virgin Islands
> PHTO = e ¢ KSJU
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Map of the NWS Radiosonde Network showing balloon launch sites. Source: National Weather Service.
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Computer forecast models, like RAP, fill these gaps with high-resolution model-
generated soundings based on simulations that include ground-based and remote
observations, but are not real observations like those taken by radiosondes.

All models have some degree of uncertainty because of choices made in their
development—this is one of the biggest challenges in science. To improve forecast
reliability, many meteorologists take a “two heads are better than one” approach
by combining soundings from multiple sources. This is where satellite-based
soundings can help.

Model Soundings

RAP-NCEP: 20220516 14 UTC

Fcst Hr: 4 Valid: 20220516 18 UTC

TBW 72210 Tampa Bay, FL at nearest grid pt over land 27.7, 277.6 100
n /n CAPE r -~ J/kg
CIN ki

-- J/kg
MUCAPE 1030 J/ka Vert. Integrated Amt
MUCIN 0 J/ka

(Resolved, Total)
(supercool layers shaded,
with filled markers)

CWAT 0.000 g/m2
CICE (x10.0) 0.000 g/m2
RAIN 0.000 g/m2
SNOW 0.000 g/m2
GRPL 0.000 g/m2

|
-=- CWAT
—— CICE (x10.0)
~~ RAIN
| —#&— SNOW

-~ GRPL

—r 200

300

Pressure (hPa)

400

500

600

700

800

900

124

1000

120 1074 1072 100
Temperature (F) hydrometeors

Left: Launching a weather balloon carrying a radiosonde instrument. Source: NASA/Frankie Martin.
Above: Example RAP-NCEP model sounding for Tampa Bay, FL on May 16, 2022. Source: NOAA Global Systems
Laboratory, Assimilation and Verification Innovation Division (AVID).
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The NOAA Unique Combined Atmospheric Processing System (NUCAPS)

The NOAA Unigque Combined
Atmospheric Processing System
(NUCAPS) combines data from the
Cross-Track Infrared Sounder (CrlS)
and Advanced Technology Microwave
Sounder (ATMS) onboard JPSS satellites,
as well as EUMETSAT MetOp weather
satellites, to produce near real-time
vertical profiles of temperature and
moisture multiple times a day. Being
independent of models, NUCAPS
soundings are another tool for
forecasters to compare to model data
to improve their confidence in models.
Since the sounders cover a 2,200 km
wide swath and their observations

are about 30 miles apart, they can

fill in where radiosonde or ground-

based data are sparse, like between

balloon launch sites and over oceans.
NUCAPS soundings are taken about the
time that afternoon convection—the
vertical transport of heat and moisture
associated with storms—is starting
across the Southern Plains, making them

a valuable addition to storm nowcasting.

NUCAPS has been producing
operational near real-time products
and delivering them to the NWS
Advanced Weather Interactive
Processing System (AWIPS) since

2014. In AWIPS, forecasters can view
and compare NUCAPS, radiosonde,
RAP, and other model soundings. As a
complementary tool, NUCAPS increases
situational awareness of environmental

conditions that lead to severe storms so

Left: The Cross-track Infrared Sounder (CriS) instrument, one of two sounders onboard JPSS satellites. Source: NOAA
National Environmental Satellite Data and Information Service (NESDIS). Right: Example Gridded NUCAPS sounding.
Source: Cooperative Institute for Meteorological Satellite Studies (CIMSS) at University of Wisconsin-Madison.
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forecasters can quickly see hotspots or
areas of convective instability. NUCAPS
also includes derived data, such as
lapse rates and stability indices for

severe weather potential.

But there are caveats. NUCAPS CAPE
values are calculated differently and
are more complicated than model
soundings (CAPE stands for “Convective
Available Potential Energy” and is a
measure of atmospheric instability).
Learning the nuances of NUCAPS takes
practice. For forecasters, “it comes
down to knowing your region, what
data works and doesn't work for your
environment, and what models do well
so that you can compare NUCAPS and

see how it's performing,” says Rutt.

Clear sky: high quality IR+MW
retrievals (soundings)

L

Partly cloudy: use clear sky CrIS
footprints to perform cloud
clearing. Constrained by ATMS results

> Q@ &

“Sometimes a max CAPE in NUCAPS is
trying to correct for existing storms
and it overcorrects, but there are cases
where NUCAPS correctly pinpoints
with a CAPE bullseye right where

storms developed.”

NUCAPS also does not include wind data,
and cloudy conditions can impact data
quality. Thick, uniform clouds can cause
unrealistic values or retrieval failure,
meaning that NUCAPS data is dependent
on local weather conditions. Also,
because satellite observations are taken
from the top of the atmosphere, views

of the atmospheric boundary layer—the
part of the atmosphere 1-2 km above

the earth's surface where most weather

occurs—can be imprecise.

Uniformly cloudy: retrieval fails and
poor quality NUCAPS sounding

The quality of NUCAPS soundings varies depending on cloud cover. Source: NOAA Hazardous Weather Testbed
(https://hwt.nssl.noaa.gov/ewp/training_2017/HWT_GriddedNucaps_Training_final.pptx).
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Within AWIPS, NUCAPS quality flags allow forecasters to quickly interpret data Data in yellow pixels is still usable because NUCAPS performs “cloud clearing” to

reliability before examining sounding profiles. Quality flags show whether a allow retrievals from CrIS in partly cloudy conditions. Cloud clearing removes the
sounding is good (green), missing some data (yellow), or poor quality that should cloud signal from infrared radiance-NUCAPS retrievals in these conditions should
be questioned or ignored (red). In the example below, yellow quality flags are seen be thought of as observations around or past the clouds, not through the clouds.

west of Texas where thunderstorms occurred on that day and cloud cover likely . . . . .
CrIS is also sensitive to surface temperatures, although this and thick, uniform

cloud cover are partly overcome by adding ATMS data to NUCAPS, which uses

microwave radiation to penetrate most clouds beyond the top layers. Despite these

interfered with retrievals from CrlIS, an infrared sounder that cannot penetrate

thick clouds.

SPoRT NOAA-20 Gridded NUCAPS Quality Flags 20210516 1938 UTC
-J Fr+-ﬂ' 7 '-'"1" - | — Gl

limitations, NUCAPS “gives another viewpoint on storm initiation, strength, and

intensity,” Rutt says.

2
Bl Red = poor
quality data 1
[]Yellow = some
missing data
0
[ Green =
good data

X/w\

NUCAPS does NOT retrieve thermodynamic NUCAPS retrieves cloud-free thermodynamic
environment THROUGH clouds environment AROUND/PAST clouds

SPORT (Nzz2

N
.

Gridded NUCAPS quality flags for May 16, 2021, at 2:38 PM CST (local time).

Cloud clearing approach used for NUCAPS retrievals from CrlS. Source: NOAA Hazardous Weather Testbed, (https://
hwt.nssl.noaa.gov/ewp/training_2018/HWT2018_GriddedNucaps_Training.pdf).
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RAP soundings showing MLCAPE/MLCIN and 0-6km bulk shear wind values at 20Z on May 3, 2021.

What is "Z" Time?

The notation “Z”" is weather lingo for “Zulu” time, better known as
Universal Coordinated Time (UTC), the time at the prime (zero)
meridian—the line of 0° longitude. All aspects of meteorology are
based on this global 24-hour clock. Weather maps, radar, and

satellite images all have their time expressed in "Z".
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20z RAP Sounding
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the observational sense, especially near
the surface. The previous mesoanalysis
showed this area should have 500 to
1,000 J/kg of MLCAPE. Here, the RAP
sounding shows this but NUCAPS
struggles to reach 200 J/kg of MLCAPE.

“We would expect instability to be

highest along the front—we see this

Left: Mid-level lapse rates from RAP (L) and NUCAPS (R) at 20Z on May 3, 2021. Right: Precipitable water on May 3, 2021, from RAP (L, in inches) and NUCAPS (R, in millimeters). with the CAPE values around 1,000 in



the RAP and negligible CIN values, but
the NUCAPS sounding has a much lower
presence of instability,” says Rutt. While
there are ways to improve NUCAPS
data, its vertical retrievals will always
be smoother than that of RAP, which
contributes to its uncertainty. “You will
never have the sharp vertical resolution
in the mid-levels that you have with
RAP soundings-that's just the nature of
NUCAPS and how satellite observation
is,” she explains. Even so, NUCAPS has
higher vertical definition than other

satellite-derived soundings.

So, Was There Severe Weather?

Yes! Conditions were “the perfect storm"—
moisture was trapped behind the stalled
cold front, feeding the development of
back-to-back storms, like NUCAPS had
suggested. In the radar snapshots on the
right, the progression of severe weather
can be seen developing in the eastern

part of New Mexico and continuing along

the corridor of instability in West Texas

as the day goes on. Tennis ball sized hail
and winds up to 84 miles per hour were
reported as the storms moved further

east into North Central Texas.

Right: Screenshots from NWS radar showing the progression of back-to-back thunderstorms on May 3, 2021, that

moved from eastern New Mexico through West Texas.
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Another Day, Another Storm

Being stationed in Amarillo, Texas has its benefits for a meteorologist—a lot of
weather action! Rutt typically sees storms develop in West Texas around early
afternoon when the dryline sets up. This boundary separating moist air and dry air
is an important factor in storm frequency in the Great Plains. The dryline is most
common in spring and early summer, and on May 16, 2021, Rutt observed another

doozy of a storm pass through her area.

The morning hours of May 16, 2021 saw an upper low and a weak disturbance come
across West Texas, causing a “lee low” to form off the eastern ridge of the Rocky
Mountains—the “lee” side that faces away from westerly winds. This lee-side trough
of elongated low pressure pushed into West Texas, providing a dryline setup, shown
in the SPC mesoscale discussion below (the scalloped orange line). Instability
increased farther east ahead of the dryline indicating severe storms would develop

between Amarillo and Lubbock.

~ 21051672200 MLCAPE j/ke and Effectlve Bulk Shear Kt,__ -
e e | AL R o\
Threat for 1Solated large hail and damaging wind
wrlllrpemst through mid evening.

2500 —

2000

: \ 1500} C |/

k 100U : 15,:,0»

zzzzzz

__J\\ |

NWS mesoscale discussion for May 16, 2021, at 5:00 PM CST (local time). A dryline can be seen along the New Mexico-
Texas border (scalloped orange line).
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There was plenty of moisture in the area on this day. Looking at precipitable water
at 20Z (below top), RAP and NUCAPS soundings match up well with both picking
up drier air to the west and moisture to the east that define the dryline, hinting at
where storms might occur in the afternoon. Lapse rates at 20Z (below bottom) tell
a similar story where rates are steep to the west of the New Mexico-Texas border
(west of the dryline). “"NUCAPS shows this really well and is a good representation

of mid-level lapse rates in this scenario,” confirms Rutt.

20z Precipitable Water (in)

TN

20z Nucaps Precipitable Water (mm)

50

40

Millimeters

0.
— T 0

\_\ Mu.s\
\
SHIY
20z Mid-Level Lapse 20z Nucaps Mid-Level Lapse Rates
1— 10
s ] 8
6
@)
2
0
-2

Top: Precipitable water at 20Z on May 16, 2021, from RAP (L, in inches) and NUCAPS (R, in millimeters).
Bottom: Mid-level lapse rates from RAP (L) and NUCAPS (R) at 20Z on May 16, 2021.
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In this case, retrievals from NOAA Geostationary Operational Environmental RAP values but Rutt points out, “In GOES-East the bullseye is shifted a little

Satellites (GOES) were helpful in providing good situational awareness in this east of what the mesoanalysis was showing, which gives us an idea that the
evolving situation. Looking at the RAP mesoanalysis for MLCAPE and MLCIN area of instability might actually be shifted east—the dryline is very clearly on
at 21Z (below left), there is a tremendous amount of CAPE—a bullseye of about GOES and where we might expect storms to form in the afternoon.” Underlying
2,500 J/kg—which is enough to support thunderstorm development and possibly storms moving into the dryline and area of instability can be seen in GOES

a supercell of rotating winds. GOES-East CAPE values (below right) about match visible imagery.

Amarillo

T s

Y

MLCAPE and MLCIN at 21Z on May 16, 2021 from RAP. GOES-East visible imagery that shows overshooting tops at 23:31Z on May 16, 2021.
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view fhat ppeedstronghnderstoms veloped alng thedryli justas
NUCAPS and RAP predicted. They continued to strengthen as they progressed to
the east with some rotation north of Lubbock. Signs of updrafts and overshooting
tops—dome-like protrusions that shoot out of the top of thunderstorms—help
evaluate how the storm is developing. Here, the overshooting tops are continuous,
indicating this storm is severe. And severe it was! These storms produced a tornado
northwest of Lubbock near Sudan, Texas where the NUCAPS and RAP soundings
showed high CAPE values, warning of an unstable atmosphere and a potential for
volatile storms. A job well done by NUCAPS and RAP!
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additional insight and helps fill data gaps. NUCAPS quality flags provide the user
with information about retrievals that may be impacted by clouds, weather, or
another issue. To be of greatest value, forecasters must carefully consider these
flags to help determine where and when a particular sounding can be useful in a

quickly changing environment.

Besides its merit in locating pre-convective weather systems, NUCAPS soundings
are also useful for aviation, air quality, fire weather, and cyclone applications. For

example, in the winter months, frigid air temperatures at high altitudes can cause
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airp|ane Jet fuel to ge|l known as “cold air aloft,” an obvious Safety issue. Vertical NOAA National Severe Storms Laboratory. (n.d.). Severe Weather 101. https://www.nssl.noaa.gov/

. NPT ; . education/svrwx101/
temperature profiles from NUCAPS are helpful in finding freezing cold air pockets

NASA SPoRT, NOAA, CIMSS, CIRA, GINA, and STC. (2017). Gridded NUCAPS for Anticipating Convection
[PowerPoint slides]. https://hwt.nssl.noaa.gov/ewp/training_2017/HWT_GriddedNucaps_Training_final.pptx

profiles of ozone and trace gases like carbon dioxide, methane, carbon monoxide, STAR JPSS. (n.d.). NUCAPS Products. https://www.star.nesdis.noaa.gov/jpss/soundings.php

in near real-time so pilots can go around them. Also, NUCAPS provides vertical

and volcanic sulfur dioxide to assist forecasters in issuing more effective hazardous
air quality alerts. Plans are ongoing to update NUCAPS algorithms to improve
retrieval performance and look at the impact of using radiance and noise equivalent

differential radiance to produce soundings. +

STORY SOURCE

The information in this article is based, in part, on the April 18, 2022, JPSS science seminar presented by
Kaitlin Rutt, meteorologist for the NOAA National Weather Service Forecast Office in Amarillo, Texas.
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FEATURE 6

Estimating Phytoplankton Size Class in the Northeast U.S. Continental
Shelf Using Regionally Tuned Ocean Color Algorithms

~>»
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Zooplankton

Phytoplankton
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Top left: Representation of a fishery ecosystem from the base of the food web (phytoplankton and zooplankton) to humans. Source: Michael Fogarty, NOAA Fisheries Northeast Fisheries Science Center and Jack Cook, Woods Hole Oceanographic Institution.
Top right: Societal, biological, physical, and chemical factors are the multiple system drivers that influence marine ecosystems through a variety of different pathways. Source: NOAA Fisheries. Bottom row: Examples of phytoplankton species found in the
Northeast U.S. continental shelf. Source: NOAA Fisheries.
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Phytoplankton are microscopic
plant-like organisms that live in top
layers of the ocean and freshwater
environments. Diverse in size and
function, these influential organisms
are the foundation of the marine food
web, serving as a source of nutrition
for a variety of sea creatures. Marine
phytoplankton have a close relationship
with the commercial and recreational
fishing industries—for example,
zooplankton (a primary consumer)

eat them, small fish eat zooplankton,
larger fish eat smaller fish, and so on
up the food chain—and the economic
impact is significant. In 2019' alone,
fishing supported 1.8 million U.S. jobs
and generated $255 billion in sales
and S117 billion in value added impacts
(contributions made to the gross

domestic product).

Tiny But Mighty

Phytoplankton also play an important
role in the Earth’s carbon cycle,

acting as a "biological carbon pump”
by removing about 1billion tons of
carbon per year from the air through
photosynthesis. As phytoplankton
absorb carbon they are eaten by larger
marine organisms, which consume

the carbon and take it further down
into deeper ocean layers, effectively
removing it from the atmosphere. But
the ocean is changing—it is getting
warmer, currents are shifting, mixing
and stratification patterns are different,
and together these changes can affect
all aspects of phytoplankton. Given
how vital phytoplankton are to the food
web, environment, and the economy, it
is critical to understand how they are
changing so that fisheries can adapt

their management strategies.

The word “phytoplankton” comes from the Greek phyto (plant) and plankton (made to

wander or drift). Phytoplankton use the green pigment chlorophyll to capture sunlight

and photosynthesis to turn it into chemical energy. They are the foundation of the

aquatic food web and consume as much carbon dioxide as forests making them a

critical regulator of climate change.
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A VIIRS True Color image from May 14, 2015 showing a spring phytoplankton bloom (green)in the Northeast U.S. Continental
Shelf region. Spring blooms are a key seasonal feature of the North Atlantic region and are a significant source of energy
for the entire ecosystem.

REMOTE SENSING OF PHYTOPLANKTON COMMUNITIES

Traditional methods of observing
phytoplankton communities rely on
water sampling and sensors onboard
ocean vessels or moored platforms (in
situ data). While helpful in determining
the scale of marine organism activity,
this approach is limited in time and
space with remote areas of the ocean
being largely unobserved due to the
difficulty and expense in getting
access. Simply put, in situ sampling
cannot compete with satellite sensors

in obtaining the vast amount of data

needed for observing long term
ecosystem changes. To put thisinto
perspective, Dr. Kimberly Hyde, a
biological oceanographer with the
NOAA Northeast Fisheries Science
Center (NEFSC), explains, “It would take
a research ship moving 10 knots for
more than five years to collect the same
amount of data captured in this single
image” (above) of a spring phytoplankton
bloom in the North Atlantic, taken

with the JPSS Visible Infrared Imaging
Radiometer Suite (VIIRS) on May 14, 2015.
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and Rhode Island Bays. The product is processed with the NOAA OC3 algorithm and near-infrared (NIR) atmospheric correction.

Source: NOAA CoastWatch East Coast Node.

dounaance)is noc enougn Lo unaersidna
the consequences of environmental
change on the base of the marine food
web. Understanding phytoplankton
community composition and size
distribution is also needed to better
predict timing and extent of ecosystem
production. Several satellite-derived
ocean color algorithms are available
that estimate phytoplankton functional
type and size class, but on a global scale
across deep seas. Why is this a problem?

As Dr. Hyde explains, these algorithms
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communities rely on commercial and
recreational fishing to support their
economies—industries dependent on

a healthy phytoplankton populationin
the nearshore environment, like that of
the Northeast U.S. Continental Shelf.
This region is one of the world’'s most
productive marine ecosystems but is
also one of the fastest warming on the
planet. Detecting and tracking changes
over time is critical for understanding
the impact to primary productivity and

fisheries. To address this, Hyde and
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https://www.fisheries.noaa.gov/new-england-mid-atlantic/ecosystems/current-conditions-northeast-us-shelf-ecosystem-fall-2021
https://www.fisheries.noaa.gov/new-england-mid-atlantic/ecosystems/current-conditions-northeast-us-shelf-ecosystem-fall-2021

Food Webs

Food webs represent the flow of food energy and feeding relationships between organisms. Primary producers, like phytoplankton, are at the lowest trophic level. The next highest level

is made up of organisms that feed on primary producers. Succeeding groups feed on the groups before them. The path can form either a one-way flow (chain) or a complex food web.

explains, “The significant changes in phytoplankton biomass and production we
are observing are propagated up through the food web and ultimately control
fisheries production—Ilarger phytoplankton are more efficiently transferred up
the food chain, while the energy from smaller phytoplankton species is mostly
tied up in the microbial loop.” These different pathways in the food web are

key reasons why Hyde's research team is using regionally tuned ocean color
algorithms to understand changes in phytoplankton community composition in

this important region.

Upper Trophic
Levels

Planktivores Benthivores

Meso-Zooplankton Deposit Feeding

Micro- Suspension
Zooplankton Feeding

Nanoflagellates
Microplankton
Nano-picoplankton

Bacteria

a

.

Diagram showing different pathways in the food web. Larger phytoplankton (micro-) are more efficiently transferred
up the food chain, while the energy from smaller phytoplankton (nano- and pico-) are mostly tied up in the microbial
loop where bacteria and microzooplankton feed on them and recycle nutrients. In this way, dissolved organic carbon
is returned to higher trophic levels via its incorporation into bacterial and zooplankton biomass, which is consumed by
higher trophic level species.
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Satellite-derived Phytoplankton Functional Type Algorithms

In the last 10-15 years there has been a lot of progress in the development of

satellite ocean color products, especially phytoplankton functional type (PFT)

algorithms. Satellite-derived PFT algorithms are grouped by their output

classification—phytoplankton taxonomic class (PTC), phytoplankton size

class (PSC), or particle size distribution (PSD)—and algorithm de