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Roxy Koll next to a species of fig native to the Indian subcontinent (ficus
religiosa), with a book that details the history of the Indian Ocean from a
local perspective.

€€ My passion for the Indian Ocean began as a

graduate student when | joined my first scientific
cruises out of Africa and - ¥
the Middle East. Both ‘ e
the landscapes and the
seascapes of the western
Indian Ocean are dynamic
and wild, and that draws

me back again and again
to this region. 99

— Lisa Beal,

University of Miami - L
Lisa Beal swimming in

the Atlantic off Miami Beach,
PAGE 108 Florida, in summer 2021.

that travel over the Indian Ocean bring me half-
a-million gallons of rain every year [per capita
estimates of all India rainfall]. | remember how

the first day at school after summer always meant
coming back home drenched in the first rains of
the monsoon season. This was every school year in
Kerala during my childhood, three decades ago. 99

— Roxy Koll, Indian Institute of Tropical Meteorology

ON THE COVER: The study site of the Inner-Shelf Dynamics
Experiment near Point Sal, California, reveals various pro-
cesses that were studied, including flows around headlands,
internal waves, and the offshore ejection of surfzone waters
from rip currents. (Photo courtesy Nick Statom, Scripps
Institution of Oceanography)

See page 117.
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Amy Waterhouse operating a microstructure winch aboard the R/V Revelle.
(PHoTto CrepiT: Sam Fletcher)

€€ Understanding how heat and momentum are
transported across the continental shelf has
always been a puzzling and important process
that I've been interested in. The inner shelf con-
tains a veritable zoo of physical processes that
control what gets across the entire shelf. 99

— Amy F. Waterhouse, Scripps Institution of Oceanography
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€6 Since'my Ph.D. thesis, { havek
fascinated by shoaling fonlinear
internal waves and their impacts
on wave-averaged Circulation
and transport near.the coast.
The complementary perspectives
of the wide range of sampling

platforms and measurements
to quantify inner-shelf dynamics
is very rewarding. 99 ~ =+ =

PAGE 117

Jim Lerczak in Yaquina Bay estuary (NeonFc,AOregonif_—_
collecting sensors as part of a project to study temperature
dynamics in the estuary. (PHoto CrepiT: Margaret Conley)
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AMS Corporate Funding

he goal of the American Meteorological

Society (AMS) Policy Program is “to help
the nation, and the world, avoid risks and
realize opportunities associated with the
Earth system.” Yet the AMS has Lockheed
Martin Corporation as a corporate sponsor
and their logo appears at the bottom of
many AMS web pages, including the home
page. The greatest risk the Earth system
faces is nuclear war, and Lockheed Martin
is one of the major U.S. defense contrac-
tors working on nuclear weapons. In 2020,
Lockheed Martin received $2,050,000,000
in contracts to work on the Trident IIl ICBM
land-based nuclear missiles and the Trident
nuclear submarines (ICAN 2021). The ap-
proximately $100,000 per year AMS receives
from Lockheed Martin is less than 0.005%
of the money they receive to enhance and
support weapons, that, if ever used, would
produce catastrophic global climate change
and impacts on the world food supply (e.g.,
Robock and Toon 2010; Coupe et al. 2019;
and see all our publications and work on
this topic at http:/climate.envsci.rutgers.edu/
nuclear/). And in 2019, Lockheed Martin gave
between $100,000 and $249,999 to the
Atlantic Council, an American think tank that
advocates for more nuclear weapons (ICAN
2021).

In 2015 | received the AMS Jule G.
Charney Medal, “For fundamental contribu-
tions toward understanding the climatic ef-
fects of stratospheric aerosols from volcanoes
and other potential sources, and the role of
soil moisture in climate.” Those other “poten-

tial sources” included smoke from fires that
would be ignited by nuclear weapons, and

| spend much of my research and public ad-
vocacy to continue to warn the world about
nuclear winter, the same work that AMS
endorsed with the Charney Medal. Having
the AMS being complicit in this Lockheed
Martin greenwashing, which makes them
look good by banking on our good name, is,
in my opinion, a disgrace. | hereby recom-
mend that AMS cease to accept funds from
Lockheed, so as to not unwittingly be part of
the military-industrial complex that President
Eisenhower warned us about in his farewell
address. This would emulate the American
Geophysical Union, which ceased to accept
funds from Exxon several years ago because
of their disinformation campaign about
global warming. Yes, Lockheed Martin builds
satellites that provide Earth observations,
and yes, the money Lockheed Martin gives to
AMS supports valuable AMS programs, but
what is the message we send by accepting
money from them? AMS should be better
than that, and live up to our pledge “to help
the nation, and the world, avoid risks.”

For further reading

Coupe, J., C. G. Bardeen, A. Robock, and
0. B. Toon, 2019: Nuclear winter respons-
es to global nuclear war in the Whole
Atmosphere Community Climate Model
Version 4 and the Goddard Institute for
Space Studies ModelE. J. Geophys. Res.
Atmos., 124, 8522-8543, doi:10.1029/
2019JD030509.
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ICAN (International Campaign to Abolish
Nuclear Weapons), 2020: Complicit:
2020 Global Nuclear Weapons Spending,
June, 2021, (ICAN, Geneva, Switzerland),
available at https://d3n8a8pro7vhmx.
cloudfront.net/ican/pages/2161/attach-
ments/original/1622825593/Spending_Re-
port_Web.pdf

/ n consideration of Dr. Alan Robock’s inquiry
into the subject of corporate sponsorship,
the AMS Council has reviewed our current
practice with respect to corporate funding and
provides the following rationale for maintain-
ing this practice as it stands.

The mission of the AMS is enabling the
advancement of the atmospheric and related
sciences, technologies, applications, and
services for the benefit of humanity. We
translate this mission into action through AMS
programs, which benefit greatly from both in-
ternally generated funds such as publications
and meetings support and external funds.

The AMS only accepts external funding,
whether it be corporate support, federal
grants, foundation support, or any other
source, that is aligned with our mission and
with the Society’s integrity and reputation.
AMS corporate partners recognize that Society
programs enrich and strengthen the entire
weather, water, and climate enterprise of
which they are a part, so that the success of
AMS activities and initiatives is synergistically
linked to their own success.

AMERICAN METEOROLOGICAL SOCIETY

Robock, A., and O. B. Toon, 2010: Local
nuclear war, global suffering. Sci. Amer.,
302, 74-81.

Alan Robock

Department of Environmental Sciences
Rutgers University

New Brunswick, New Jersey
robock@envsci.rutgers.edu

A major area of corporate support is in
the AMS scholarship and fellowship pro-
gram, and over the years, more than 1300
students have benefitted from scholarships
or fellowships provided by corporate funding,
including travel grants that bring students to
the annual meetings. Corporate sponsorships
allow the AMS to provide invaluable career
and networking opportunities for students
and generally help expand activities in ways
that ensure a more successful and engaging
meeting for all those participating. Both the
AMS Policy Program and Education Program
have also benefitted from corporate support
over the years. The Policy Program depends
on corporate support to help underwrite
policy study activities and having this support
augment federal agency funding for these
studlies is a great example of a public—private
partnership made possible through Society
programs. The corporate patrons providing
support do not have control over how those
funds are used, so there is no conflict or bias
introduced through their sponsorship. In the
AMS Education Program, corporate support
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has been instrumental in several aspects of
the training and professional development
activities the Society provides for K-12
teachers nationwide, including the creation
of curriculum materials and travel support for
K=12 teachers.

The AMS values all the sectors of the U.S.
weather, water, climate enterprise, including
those associated with national defense. These
corporate patrons provide critical support to
the atmospheric and related sciences, pri-
marily through space-based, ground-based,
and airborne observation platforms, and it
s those divisions of these corporations that
provide the funding for important Society

programs. Employees of these corporate
sponsors are themselves valued members
of the AMS, who like members across all
sectors, volunteer their time and expertise
to advance the mission of the Society. These
members take back to their respective orga-
nizations the values and imperatives of the
Society. AMS is proud of the support provided
by its long-standing Corporate Patrons, and
respectfully disagree with the premise that
there is anything wrong with associating
with Lockheed Martin or any other similar
company.

AMS Executive Committee
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PROBLEM:

SOLUTION:

Making Connections

u |
for Better Predictions
Numerical models used for weather and umate forecasting have limitations

in simulating underlying atmospheric and oceanic processes, which can delay
the prediction of extreme events like floods and droughts. That time lost can
be costly in terms of both lives and property

A new mathematical forecasting approach that analyzes the connectivity
and patterns between geographlcal locations shows promise in significantly
- ‘-

THE NEW APPROACH, which was recently discussed in the Proceedings of the National
Academy of Sciences, utilizes network-based forecasting, which looks at the connectivity
between different geographical locations. “This connectivity is detected by measuring

the similarity in the evolution of physical quantities like air temperatures at these loca-
tions,” explains lead author Josef Ludescher of the Potsdam Institute for Climate Impact
Research (PIK). “For instance, in the case of El Nifio, a strong connectivity in the tropical
Pacific tends to build up in the calendar year before the onset of the event.” This method
is different from numerical models, which examine large amounts of local interactions to
represent physical processes such as heat or humidity exchange. Ludescher and colleagues
found that their approach improved prediction time—in some cases by months or up to

a year—for a number of extreme events. For example, their method predicted an El Nifio
event up to one year ahead of time, compared with about a six-month prediction time
using standard methods. Other events, such as heavy rain in the Andes, currently have no
reliable prediction at all, but the new method was able to predict such events two days

in advance. “These patterns—that is, the connectivity between the locations and their
evolution in time—can provide critical new information for forecasting—and, so we hope,
make the respective regions safer," says coauthor Maria Martin, also of PIK. [Source:

Potsdam Institute for Climate Impact Research]
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Driftwood on the shoreline of

LESS WOOd the island of Martensgya, Norway.
Means [PHoTo CreDIT: Georgia Hole]
Less Ice

A research team led by Georgia Hole of the University of Oxford

The summers of 2016 and 2018

The northern beaches of the Norwegian archipelago of Svalbard, located in the Arctic Ocean
about halfway between the northern coast of Norway and the North Pole

The scientists were looking for driftwood—some of it hundreds of years old— that had

frozen in sea ice and drifted to Svalbard’s shores. Dying trees in North America and Eurasia
can naturally fall into high-latitude rivers that drain into the Arctic Ocean. The wood can then
become locked into sea ice as the ocean freezes and then can float across the ocean, making

it a valuable proxy for sea ice extent. Hole noted that “this is the first time driftwood has been
used to look at large-scale changes in Arctic sea ice dynamics and circulation patterns.”

After collecting the driftwood on the beaches, Hole and colleagues brought it back to a lab,
where their analysis of tree rings allowed them to trace the wood samples to their sources and
approximate their paths across the Arctic Ocean. They combined this data with sea ice observa-
tions from the years 1600-1850 taken from fishers, hunters, and ships, as well as more recent
records from airplane and satellite images. By comparing the driftwood tracks with sea ice condi-
tions and currents, they found that the lowest-latitude sea ice followed a slow and consistent
northward migratory path. According to Hole, their findings also showed “an increase in variabil-
ity in the driftwood record from 1700 to 1850, which we interpret as increased variability in sea
ice.” Additionally, the team discovered a significant decline in new driftwood arrivals over the
last 30 years. The findings, which were published in the Journal of Geophysical Research: Oceans,
are evidence of warming in the Arctic that is driving an extreme loss of sea ice coverage in the
region. When temperatures were colder and sea ice was more prevalent, there was a greater
range of sources for the driftwood, but as that ice cover diminishes, fewer fallen trees make the
long ocean voyage. “It's such a fragile system,” Hole says. [SourcE: American Geophysical Union]
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300 miles

How a silver lining forms

It starts at sea.

Tropical waters heat up.

Warm air soars skyward.

Cold air rushes to the void.

Cold air warms up.

Cycle repeats.

Faster and faster-a 50,000 foot engine of air.
At seventy four miles per hour it earns a name.
Harvey, Irma, Katrina.

Then landfall.

Roads rendered useless.

Buildings destroyed.

Families stranded.

But for a brief moment,

A silver lining appears.

People see neighbors instead of strangers.

And labels that divide are forgotten.

But when rains ease,
when clouds part,
silver linings need not fade.

Let’s embrace our shared humanity.
Let’s connect with one another.
Let’s find our love for each other.
Every single day.

Come together at lovehasnolabels.com

COUNCIL
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HIGHS AND LOWS

Urban Pollution Injustice

o The proportion of nitrogen dioxide (NO,) concentrations greater in lower-income neighborhoods

2 8 /o mssmmm of color compared to upper-income white neighborhoods, according to recent research high-
lighting pollution disparities in urban neighborhoods. A combustion pollutant that combines in
the atmosphere to form particulate matter and ozone, NO, can be harmful to human health. Its
concentration can be highly variable between neighborhoods, but that inequality has been chal-
lenging to accurately quantify. The new study, which was published in Geophysical Research
Letters, utilized the satellite-borne Tropospheric Monitoring Instrument (TROPOMI) to measure
NO, levels in 52 U.S. cities. TROPOMI can acquire data at a greater spatial resolution than former-
ly possible and provides near-daily measurements, allowing for comparisons of different neigh-
borhoods within urban areas. “Previously, we had been limited in our ability to address air pol-
lution inequality, but with improvements in satellite resolution we are now able to get spatially
and temporally continuous data at finer resolutions within cities,” notes lead author Angelique
Demetillo of the University of Virginia. Combined with demographic information, the satellite
data helped Demetillo and colleagues quantify inequality down to the neighborhood level. Their
findings showed that NO, amounts are 12%-19% higher in communities of color compared to
white communities and 17% higher for people living below the poverty line. The researchers
also discovered that in the cities they studied, diesel trucks are the primary cause of the NO,
disparity, responsible for up to half of urban NO, emissions even though such vehicles account
for at most 5% of total traffic. Phoenix, Los Angeles, and Newark, NJ, showed the greatest NO,
pollution inequality (>40%) between lower-income neighborhoods of color and upper-income
white areas, and only one city—San Antonio—showed negative inequality (i.e., higher pollution

levels in upper-class white neighborhoods). [Source: American Geophysical Union]
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Seeing Energy in the Weeds

The network of underwater ocean sensors known as the “Marine
Internet of Things” provides valuable data on ocean processes.
But the sensors are
mostly battery-
powered, and their
maintenance can
be expensive and
time-consuming.

SOLUTION: A research team has

developed generators
that undulate like
seaweed to convert
underwater wave
energy into electricity
that can be used to
power the sensors.

he idea of flexible generators originated from a conversation A video screen-capture
between Minyi Xu of Dalian Maritime University and Zhong Lin Wang ~ showing the TENG’s
swaying seaweed powering
a digital thermometer.
[IMAGE creDIT: American
Chemical Society]

of Georgia Tech. “Professor Wang mentioned that seaweed vibrates

softly in ocean flow and can live well even in huge waves,” Xu explains.
To test their theory, Xu, Wang, and colleagues created triboelectric

nanogenerators, or TENGs, which generate static electricity when two
objects rub against each other. They coated strips of two different poly-
mers in a conductive ink and attached a small sponge between the strips
to create a thin air gap. They then sealed the entire unit to form the TENG.
They found that moving it vertically in the water caused the internal
layers of the TENG to continuously scrape against each other and generate
electricity, even at pressures comparable to those in coastal zones where
there is very little underwater wave activity. Testing of multiple TENGs in
a wave tank highlighted their potential use for a small underwater station
that could power a thermometer, a miniature LED lighthouse beacon, or 30
LEDs. The researchers believe their TENGs could be an affordable alterna-
tive to batteries in supplying energy to marine sensors in coastal zones.
They also point out that TENGs don’t create noise or heat, making them
more environmentally friendly than batteries. “A seaweed bush made of
millions of flexible TENGs may be suitable for fish living,” Xu notes. He
also estimates that, if agitated two or three times per second, a network
of these devices over an area equal to the size of Georgia could meet the
entire world’s energy needs. Their research was published in ACS Nano.
[SoURcCE: fastcompany.com]
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written in the Skies

What can ancient literature tell us
about auroras?

EEE3 Historical Norwegian and Japanese
writings corroborated the findings of a
recent modeling study that mapped
changes in Earth’s auroral zone over time. p
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> RYUHO KATAOKA of the National Institute of Polar
Research and Shin'ya Nakano of the Institute of
Statistical Mathematics and the Joint Support Center
for Data Science Research used models of paleo-
magnetism—which can determine Earth’s magnetic
field in history by examining magnetic evidence in
rocks—to study how the auroral zone has shifted
over the last 3,000 years. An auroral zone normally
forms as an oval-shaped band about 20-30 degrees
from Earth’s magnetic poles, but during extreme
magnetic storms the zone can occasionally expand
toward midlatitude regions. Kataoka and Nakano
used their models to create maps of the auroral
zone dating back to 1000 BC, and then compared
their findings to historical auroral witness records.
They discovered the writings confirmed their mod-
eling in some occurrences of auroral zone shifts. For
example, an Old Norse text titled The King’s Mirror
includes depictions of auroras around 1200 AD
over what is now Greenland, whereas a collection
of poems (The Poetic Edda) from southern Norway
written about 100 years earlier has no descriptions
of auroras. This corresponds with the study’s maps,
which show the zone dipping over Greenland around
1200, but not over southern Norway in the twelfth
century. Similarly, the maps agreed with a Japanese
text (Nippon Kisho-Shiryo) penned around the same
time as The King's Mirror, which describe auroras as
curtain-like white and red lights. The new maps also
showed that the auroral zone dipped over Europe
in the eighteenth century, which corresponds with
writings from that time describing auroras over the
United Kingdom. “The auroral zone changes over
time, and the deformation and sporadic expansion
of the auroral oval are recorded in historical docu-
ments over a thousand years from across the world,”
notes Kataoka. The study, which was published in
the Journal of Space Weather and Space Climate,
also stated that “the 12th and 18th centuries were
excellent periods for Japan and the United Kingdom,
respectively, to observe auroras over the last 3,000
years.” The researchers hope to use their findings to
predict future movement of the auroral zone and help
mitigate the harmful effects of the magnetic storms
causing auroras. [Source: Research Organization of
Information and Systems]
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OCEAN

of oceanography

Project Ocean is an online and in-residence teacher professional

development course with a one-week residence experience offered

by the American Meteorological Society’s Education Program in
partnership with California University of Pennsylvania and Washington
College. This course is specifically designed for K-12 teachers who
desire to include ocean content in their curriculum.

Stipend and Expenses Paid Resident Week at
Washington College, Chestertown, Maryland

17 - 22 July 2022

with online components before and after

PARTICIPANTS WILL HAVE THE OPPORTUNITY TO:

* Gain an understanding of the physical foundations of oceanographic
topics and issues

* Help promote oceanographic education by peer training fellow
teachers in their community

* Gain access to scientifically accurate and pedagogically sound
instructional resource materials designed for teachers.

* Earn three graduate credits from California University of
Pennsylvania upon completion of program requirements

ELIGIBILITY

To be eligible for Project Ocean, teachers including earth science in

their curriculum should:

* Have enough background knowledge or practice/experience with
content to benefit from the course

* Teach or supervise the instruction of an ocean related course or
relevant subject area

* Demonstrate interest in teaching, curriculum development, and/or
the training of fellow teachers

* Demonstrate willingness to promote the teaching of oceanography
in their home region through a minimum of one training session for
colleagues upon completion of the summer course.

Complete Application Online:
www.ametsoc.org/ProjectOcean
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sensing, analyzing and forecasting

Project Atmosphere is an online and in-residence teacher professional
development course with a one-week residence experience offered by
the American Meteorological Society’s Education Program in partnership
with California University of Pennsylvania and the National Weather
Service. This course is specifically designed for K-12 teachers who desire
to include weather content in their curriculum.

Stipend and Expenses Paid Resident Week at
NWS Training Center, Kansas City, MO

24 - 29 July 2022

with online components before and after

PARTICIPANTS WILL HAVE THE OPPORTUNITY TO

* Learn to interpret and analyze weather information acquired
through direct and remote sensing of the environment

* Gain an understanding of significant weather systems

* Help promote atmospheric education by peer training fellow
teachers in their community

* Gain access to scientifically accurate and pedagogically robust
instructional resource materials designed for teachers

* Earn three graduate credits from California University of
Pennsylvania upon completion of program requirements

ELIGIBILITY

To be eligible for Project Atmosphere, teachers including earth

science in their curriculum should:

* Have sufficient college-level training to benefit from the material

¢ Teach or supervise the instruction of weather or a similarly
applicable course

* Demonstrate interest in teaching, curriculum development,
and/or the training of fellow teachers

* Demonstrate willingness to promote the teaching of weather and
climate in their home region through a minimum of one training
session for colleagues upon completion of the summer course.

Complete Application Online:
www.ametsoc.org/ProjectAtmosphere
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Fingerprinting
Suspected Attribution

PROBLEM:

Despite recent progress, the attribution of specific extreme
weather events to climate change remains challenging for a
number of reasons, including the limitations of climate mod-
els and the effects of natural variability.

SOLUTION:

Valerio Lucarini of the University of Reading and Vera

Galfi of Uppsala University developed a methodology

that merges climate models with statistics to determine
whether events were caused by global warming or natu-

ral factors. The researchers first simulated Earth’s climate
with no climate change effects for a 1,000-year period and
identified extreme events in the data. They characterized
the properties defining these events using large deviation
theory, a statistical approach used to define what consti-
tutes a rare event. They then compared the patterns of the
simulated events to real events, with similarities indicating
the event is part of natural climate variability and differ-
ences indicating the potential influence of climate change.
Lucarini and Galfi's analysis revealed that all of the extreme
events they simulated are in the same “universality class,”
meaning they have similar properties. Because of this
universality, the new method not only shows promise for
improving attribution studies, but also “tells us we can have
a predictive climate science,” according to Lucarini. Other
attribution methods are largely empirical and, while they
do well indicating the odds that climate change caused a
past extreme event, they cannot predict the probability of
the occurrence of future extreme climate events. The new
methodology can. The researchers tested their method on
two 2010 incidents—a Russian heat wave that had tem-
peratures 11°C above average, and a Mongolian cold snap
when temperatures plummeted to -50°C—and discovered
that both were “associated with atmospheric patterns that
are exceptional compared to the typical ones but typical
compared to the climatology of extremes,” according to the
paper, which was published in Physical Review Letters. They
also found that climate change is likely to make heat waves
more extreme in both regions. [Source: Physics]
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A Succession of Cloud, Precipitation,
Aerosol, and Air Quality Field Experiments
in the Coastal Urban Environment

Michael P. Jensen, James H. Flynn, Laura M. Judd, Pavlos Kollias, Chongai Kuang,
Greg Mcfarquhar, Raj Nadkarni, Heath Powers, and John Sullivan

sols, pollutants, and the thermodynamic and kine-

matic environment remains an area of active research
with important implications for our understanding of cli-
mate, weather, and air quality. These linkages are further
complicated in coastal and urban environments where lo-
cal circulations and anthropogenic influences impact each
of these components and their interactions. Within this
context, fundamental questions regarding the life cycle of
convective clouds, aerosols, and pollutants have brought
together a diverse, integrated, and interagency collabora-
tion of scientists to collect and analyze measurements, in
the Houston, Texas, area, from the summer of 2021 through
the summer of 2022, with subsequent modeling studies
to address these important research objectives. The U.S.
Department of Energy’s Atmospheric Radiation Measure-
ment (ARM) Facility and Atmospheric System Research
(ASR) Program, the National Science Foundation’s (NSF’s)
Physical and Dynamic Meteorology Program, the National
Aeronautics and Space Administration’s (NASA’s) Tropo-
spheric Composition Research and Health and Air Quality
Applied Sciences Programs and the Texas Commission on
Environmental Quality (TCEQ) are collaborating on a joint
set of field campaigns to study the interactions of cloud,
aerosol, and pollutants within the coastal, urban environ-
ment. In the Houston area, onshore flow from the Gulf of
Mexico and the associated sea-breeze circulation generates

T he interactions and feedbacks among clouds, aero-

numerous isolated convec- Fundamental

tive cells, partlcularly.m the questions regard-
summer months, that inter- . he lif le of
act with a variety of urban Ing the lite cycle o

convective clouds,
aerosols, and pollut-
ants have brought
together a diverse,
integrated, and in-
teragency collabora-
tion of scientists to
collect and analyze
measurements.

and industrial emissions.

TAQ

The Tracking Aerosol
Convection interactions
Experiment (TRACER) Air
Quality (TAQ) campaign, led
by NASA with contributions
from TCEQ, probed Hous-
ton air quality through the
integration of observations
from multiple perspectives
with platform deployments
staggered throughout July—August 2021 and an intensive
operational period during September 2021. These perspec-
tives included ground-based measurements of in situ and
remotely sensed air quality measurements (Fig. 1c) from

a suite of supersites, mobile laboratories, and shipborne
platforms linked with overflights from the NASA Johnson
Space Center Gulfstream V (Fig. 1h) mapping out the spa-
tial distribution of aerosols, ozone, and ozone precursors
over the greater Houston region multiple times per day.
The measurements collected during TAQ will be used to
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TAQ TRACER

06/22

ESCAPE TRACER (IOP)

Fic. 1. Measurement platforms to be deployed: (a) Stony Brook University Weather Truck including dual-polarization X-band phased array radar
(ESCAPE), (b) NCAR C-130 aircraft (ESCAPE) (photo credit: C. Wolff), (c) Pandora Spectrometer (TAQ) (photo credit: B. Swap), (d) ARM Tethered Balloon
System (TRACER), (e) ARM Mobile Facility (TRACER), (f) C-Band ARM Scanning ARM Precipitation Radar (TRACER), (g) Baylor University—University of
Houston—Rice University Mobile Air Quality Laboratory (TAQ, TRACER), (h) Johnson Space Flight Center Gulfstream V aircraft (TAQ). Field campaign

timeline is indicated in the bar along the bottom.

evaluate the current conceptual model for air quality in the
region by linking measurements to air quality models and
satellite observations, including the creation of proxy data
for the NASA Tropospheric Emissions: Monitoring Pollution
(TEMPO) mission, as well as to assess the intersection of
air quality and socioeconomic factors.

TRACER

The DOE TRACER campaign brings the ARM Mobile Facili-
ty (Fig. 1e), a comprehensive suite of remote sensing and in
situ instrumentation, along with a C-Band Scanning ARM
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Precipitation Radar (CSAPR; Fig. 1f) for a period of 1 year
that began in October 2021. During the summer months,
June—-September 2022, an intensive operational period
will bring additional measurement platforms to further
characterize the local aerosol, cloud, and environmental
properties along with their regional variability. A number
of these additional measurements are contributed through
ASR-funded projects and include characterization of the
regional and time-varying aerosol and cloud condensation
nuclei (Fig. 1g) and measurements of the local thermody-
namic structure from balloons, remote sensors, and re-

10/22



mote-piloted aircraft. A unique component of the TRACER
campaign will be the use of automated software to track
convective cells with the CSAPR sampling the polarimet-
ric signatures of cloud and precipitation microphysics

at high-resolution through the convective life cycle. The
scientific focus of the TRACER campaign is the study

of atmospheric processes that drive cloud and aerosol
processes with a particular focus on the role that aerosols
play in impacting convective properties including updraft
strength, microphysical properties, total precipitation, and
anvil cloud coverage. These aerosol impacts on convective
cloud systems remain a topic of significant debate in the
scientific literature.

ESCAPE

The NSF Experiment of Sea Breeze Convection, Aerosols,
Precipitation and Environment (ESCAPE) campaign will
take place from 25 May through 1 July 2022, and includes
two aircraft, and surface-based fixed and mobile measure-
ments. The scientific focus of ESCAPE involves charac-
terization of the life cycle of convective cloud systems,
particularly the dynamics of updrafts and downdrafts, and
how it is impacted by the coastal and urban environment
and aerosol composition and concentration. The planned
aircraft platforms include the NCAR C-130 (Fig. 1b) and the
Stratton Park Engineering Company (SPEC) Learjet, both
of which will deploy payloads that include in situ sampling
of cloud and aerosol microphysics, and remote sensing of
cloud properties. On the ground, multiple fixed and mobile
radar systems (Fig. 1a) will be used to track convective cells
and perform multi-Doppler analysis for the derivation of
velocities within the convective systems over the course of
their life cycle. Two additional mobile sensing trucks with
additional remote sensing and in situ instrumentation, will
focus on characterizing the two-way interactions between
convection and the environment, particularly the charac-
teristics of downdraft driven cold pools and subsequent
convective redevelopment. Links between cloud microphys-
ics, vertical motion, and lightning will also be examined.

Synergies and opportunities

A particular advantage of the Houston region for the
deployment of a major atmospheric field campaign is the
existence of several operational networks that provide
important contextual measurements across the region.
The TCEQ air monitoring network includes 75 sites within
the Houston area that collect air quality, meteorological,

AMERICAN METEOROLOGICAL SOCIETY

and solar radiation measurements. The HoustonNet Global
Positioning System Network provides precipitable water
vapor retrievals at more than 130 sites around the Houston
area and the Houston Lightning Mapping Array (with ad-
ditional support from NSF ESCAPE) measures four-dimen-
sional lightning discharge including charge distribution,
flash location, and flash rate.

A multiagency set of field campaigns as large as the
TRACER/ESCAPE/TAQ effort requires a great deal of
planning, coordination, and cooperation. These compo-
nents have been impacted and complicated by the ongoing
COVID-19 global pandemic. During the planning stages,
the health and safety of participating scientists, techni-
cians, and other campaign participants has always been
placed at the forefront of program management concerns
and decisions, while at the same time assuring that the
planned measurements and science could be accom-
plished. Necessarily, this caused changes in the timelines
for site selection and preparation, instrument shipping
and testing, and in eventuality the operational dates of
the campaign. New health and safety protocols have been
developed, accounting for the varying working conditions
and operational needs, compared to previous campaigns.
While some compromises have been necessary, the expec-
tations are for continued support among the interagency
partners toward accomplishment of all scientific goals in a
manner that is safe for all participants.

Each agency has its own data sharing and availability
guidelines. Data collected during TRACER by the ARM
instrument platforms will be available to researchers and
the public through the ARM Data Center via Data Discovery
in near-real time, while data collected by the ASR contrib-
utors and ARM guest instrumentation will be available at
the same location within 6 months of the end of the cam-
paign. Data collected during TRACER-AQ will be available
upon finalization after the field campaign at the campaign
web page as well as ingested into a NASA-supported Dis-
tributed Active Archive Center in the future. Data collected
during ESCAPE will be publicly available after an initial
period of quality control through the ESCAPE field catalog,
which will be maintained at the NCAR Earth Observing
Laboratory. The data collected during these field cam-
paigns will be used by the science teams though we invite
the larger atmospheric science community to tackle critical
knowledge gaps in our understanding of the interactions
among convective clouds, aerosols, and air quality and
how they are influenced by the environment.
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Better
Observations

of the Rapidly
Warmin

Indian Ocean

Adapted from “A Road Map to
IndOOS-2: Better Observations of
the Rapidly Warming Indian Ocean,”
by L. M. Beal, J. Vialard (Pierre and
Marie Curie University), M. K. Roxy,
J. Li, M. Andres, H. Annamalai,

M. Feng, W. Han, R. Hood,

T. Lee, M. Lengaigne, R. Lumpkin,

Y. Masumoto, M. J. McPhaden,

M. Ravichandran, T. Shinoda,

B. M. Sloyan, P. G. Strutton,

A. C. Subramanian, T. Tozuka, C. C.
Ummenhofer, A. S. Unnikrishnan,

J. Wiggert, L. Yu, L. Cheng,

D. G. Desbruyéres, and V. Parvathi.
Published online in BAMS, November
2020. For the full, citable article,

see DOI:10.1175/BAMS-D-19-0209.1.
For supplemental material, see
DOI:10.1175/BAMS-D-19-0209.2.

We present an internationally he Indian Ocean Observing System (IndOOS), established in
coordinated plan to consoli- 2006, is a multinational network of sustained oceanic measure-

) ments that underpin understanding and forecasting of weather

date and enhance the Indian and climate for the region and beyond. While the Indian Ocean is the
Ocean Observing System smallest of the four major oceanic basins, close to one-third of hu-
(IndOOS) to meet future manity lives in the 22 countries around its rim. Many of the people of

. | ds f i these rim countries are particularly vulnerable to the impacts of ac-
societal needs for climate celerating climate change, which include a greater frequency of floods
information and prediction. and droughts over India, Africa, and Australia, and more wildfires in
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Indian Ocean Observing System (IndOOS)

Indonesia and Australia. Drought in East Africa alone is predicted to % The Indian Ocean Observing System
increase the number of undernourished people there by 50% by 2030. and its societal applications. The Ind00S
All these impacts are related to a rapid warming of the Indian Ocean, data support research to advance
which has been the fastest warming of the oceans over the past two scientific knowledge about the Indian
decades. Ocean circulation, climate variability

and change, and biogeochemistry, as
well as societal applications by virtue of
its contribution to operational analyses
and forecasts. Credit: JAMSTEC.

Beyond direct impacts on rim countries, it influences climate globally.
The Indian Ocean affects the evolution of El Nifio—-Southern Oscillation
(ENSO) in the neighboring Pacific, and it is the breeding ground for the
30-90-day Madden-Julian oscillation (MJO), which modulates rainfall
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% Until 20 years ago, the Indian Ocean was seen as passively responding to its giant Pacific neighbor. We now know that there is

intrinsic climate variability (arising from regional air-sea interactions) in the Indian Ocean, with important climatic consequences
regionally and beyond. SST signals associated with the four main Indian Ocean climate modes: (a) Indian Ocean Basin Mode (I0BM),
(b) Indian Ocean dipole (I0D), (c) Ningaloo Niiio (NN), and (d) Indian Ocean subtropical dipole (I0SD). The four climate modes induce
year-to-year SST and rainfall fluctuations over the Indian Ocean region. They peak in FMA, SON, DJF, and JFM, respectively. El Nifio
events induce subsidence over the Indian Ocean, which warms almost uniformly as a result. In addition to their impacts on regional
rainfall, these climate modes have biogeochemical and ecosystem signatures. The 10D and I0BM are thought to feed back into the

ENSO cycle in the Pacific. The 10D, 10SD, and Ningaloo Nifios are sometimes forced by ENSO, which is thus a source of predictability.
The subsurface structure of the Indian Ocean also yields predictability for the 10D.

—=0 Boreal summer (JJAS) observed climatologies of sea surface tempera-
ture (colors) and wind stress (vectors). The heating of the Asian landmass
by the sun’s movements yields strong winds and rainfall in the boreal
summer. Strong alongshore winds in the western Arabian Sea during the
southwest monsoon induce coastal upwelling of cold subsurface waters,
which modulates evaporation and moisture transport toward India and
provides a globally significant source of atmospheric CO,.
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—= Boreal summer (JJAS) observed climatologies of primary
productivity estimate (colors) and 200-1,500-m average ox-
ygen (contours). The upwelled waters also bring nutrients to
the surface, fostering intense oceanic productivity, which in-
duces large oxygen consumption within the poorly ventilated
lower layers. The result is a thick oxygen minimum zone (OMZ)
between about 200- and 1,500-m depth.
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% The Indian Ocean is the only tropical ocean that is bounded by a landmass to the north, resulting in the strongest and most exten-
sive monsoon on Earth and many unique oceanographic features. Under the influence of monsoons, the surface circulation seasonally
reverses north of 10°S. The summer monsoon also promotes the intense Somali current as well as upwelling and high productivity in the
western Arabian Sea. High surface-layer productivity, sinking of biomass, and its remineralization at depth also lead to the formation of
subsurface oxygen minimum zones (OMZs) in the Arabian Sea and Bay of Bengal. The Indo-Pacific warm pool is a region of intense air-sea
interactions, where the Madden-Julian oscillation, monsoon intraseasonal oscillation, and Indian Ocean dipole develop. The Indian Ocean
is a gateway of the global oceanic circulation, with inputs of heat and freshwater through the Indonesian Throughflow. The exit from

the basin is through boundary currents, mainly the Agulhas Current along Africa, but also the Leeuwin Current along Australia. While
variations in the ITF and Leeuwin Current have been linked to Indian Ocean heat content and sea level changes, lack of measurements in
the Agulhas Current and the large uncertainties in surface heat fluxes currently make it difficult to constrain the basin-scale heat budget
at interannual and longer time scales. There are two vertical overturning cells connecting subducted waters south of 30°S to the tropical
Indian Ocean: the shallow subtropical overturning cell where water upwells in the “thermocline ridge” open-ocean upwelling region,
and the cross-equatorial cell where water upwells farther north in the Arabian Sea off the coast of Somalia and Oman. These cells are the
main source of subsurface ventilation due to the continents to the north. The annual-mean westerly winds along the equator in the Indi-
an Ocean damp the equatorial upwelling that is found to the east of other tropical oceans. Instead, wind-driven open-ocean upwelling

is found in the southwestern tropical Indian Ocean, forming the Seychelles—Chagos thermocline ridge (SCTR). Concentrated tuna fishing
activities are documented in the SCTR upwelling. The SCTR hosts warm SSTs and a shallow thermocline, such that small perturbations in
the atmosphere can easily induce an SST response, and vice versa. This results in strong air-sea coupling at various time scales linked to
tropical cyclones, the Madden-Julian oscillation (MJO), and the Indian Ocean dipole (I0D). Accounting for SST responses and their feed-
backs that are larger in the Indian Ocean than in the Pacific Ocean—particularly in the northwestern Australian Basin, SCTR, and Bay of
Bengal—can improve the forecast range of the MJO by about 10 days, yielding enhanced rainfall predictability throughout the tropics.

Sea Surface Salinity (PSU) & Rainfall (mm/day) <=

10NF ?
0

Boreal summer (JJAS) observed climatologies of sea surface
salinity (color) and rainfall (contours). In the Bay of Bengal, excess
freshwater input from monsoon rains and river runoff creates a
5 (l)0E : shallow, low-salinity surface layer. By inhibiting vertical mixing of
40E 60E 80E 1 120E heat, nutrients, and oxygen, this salinity stratification is thought to
B e favor warmer SSTs, which promote monsoon rainfall and more intense
30 31 32 33 34 35 36 37 cyclones, reducing oceanic productivity.
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global tropics. The Indian Ocean 30°N
also influences the Atlantic Me- l
ridional Overturning Circulation
(AMOC) across multiple time scales
through atmospheric and oceanic
teleconnections, advection, and
mixing. The basin accounts for
about one-fifth of the global oce- 10°S 1
anic uptake of anthropogenic CO,, ]
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ing of the Indian Ocean and its
links to weather and climate over

the past fifteen years, there re-
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main some critical gaps, not least

[ 2) More biogeochemical measurements] [4) Better resolve basin-scale heat budget ]

a lack of monsoon predictability.
A recent 3-year, international re-
view by more than 60 scientific
experts lays out a roadmap for an observing
network that can more effectively meet societal
needs and provide data that result in more reli-
able forecasts in the future. There are four key
recommendations: 1) geochemical and biolog-
ical measurements alongside physical param-
eters to track and forecast marine ecosystem
changes; 2) expansion into the western tropics
to improve understanding of the monsoon cir-
culation; 3) better-resolved upper-ocean mea-
surements to improve understanding of air-sea
coupling and yield subseasonal-to-seasonal
predictability; and 4) expansion into key coastal
regions and the deep ocean to better constrain
the basin-wide energy budget. These goals will
require new agreements and partnerships with
and among Indian Ocean rim countries, creat-
ing opportunities to enhance monitoring and
forecasting capacity as part of IndOOS-2.

Components of Ind0OOS

IndOOS is currently composed of five in situ
observing networks: profiling floats (Argo),
a moored tropical array [Research Moored
Array for African—-Asian—-Australian Monsoon
Analysis and Prediction (RAMA)), repeat lines of
temperature profiles [expendable bathythermo-
graph (XBT) network], surface drifters, and tide
gauges. Augmenting these networks are critical
observations of the ocean surface from satellites,
as well as a wide range of full-depth ocean sec-
tions via the Global Ocean Ship-Based Hydro-
graphic Investigations Program (GO-SHIP).
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% Main Ind00S-2
recommendations.
These recommen-
dations can be
summarized in four
core findings of the
review, listed in
green in the frames
below the map.

Argo. This global array has a target of one
autonomous profiler per 3° x 3° region, each
profiling the ocean every ten days to measure
temperature, salinity, and pressure down

to 2,000 m. A growing number of profilers,
mostly in the Arabian Sea and Bay of Bengal,
are equipped with biogeochemical sensors to
measure key processes related to, for ex-
ample, plankton blooms, oxygen minimum
zones (OMZs), and fisheries.

RAMA. As a component of the Global Tropical
Moored Buoy Array, RAMA provides subdaily
time series of key oceanographic and surface
meteorological variables in real time in a region
where the oceanic response to atmospheric forc-
ing is rapid and coupled feedbacks are critical.

XBT. The voluntary observing ship network
collects temperature observations over the
upper ~1 km of the ocean along regular com-
mercial shipping routes.

Global drifter program. Surface drifters are
drogued to follow ocean currents at 15 m. The
design density is one drifter per 5° x 5° region
with 90% coverage in the Indian Ocean. All
drifters also measure temperature and about
half now measure sea level pressure. These
parameters are important for forecasting.

Tide gauges. The tide-gauge network
provides measurements of sea level at coasts



(a) 0-700 m ocean temperature << The Indian Ocean is responding to anthropo-
genic climate change, with evidence of increasing
surface temperatures and heat content, rising

v regional sea level, increased carbon uptake, and
8‘3 015 an intensified water cycle. Due to its large heat
E 0.1 capacity, the ocean absorbs more than 90% of the
S anthropogenically induced excess heat into the
g 0.05- Indian Ocean % Earth system The Indian Ocean has been warm-
2 ing faster than the global ocean over the last 20
é 0- years, accounting for about 25% of the global
é 0.05¢ o/ "' ocean heat content increase (despite represent-
K Trend (1998-2015) ing only 13% of the global ocean surface), with
0.1 the strongest 0-2,000-m warming in the south-
0.15 Global Ocean _ eastern subtropics. Since decadal variations of
1960 1970 1980 1990 2000 2010 heat storage seemed to play an important role
(b) 2006-2015 0-2000m ocean heat content change in the recent hiatus of global surface warming,

there is a strong need to improve our understand-
ing of the Indian Ocean heat storage via better
measurements of the surface (air-sea fluxes),
entrance (ITF), and exit (Agulhas and Leeuwin
Current) fluxes. The consequences of heat content
changes for biogeochemical cycles and extreme
weather events are serious with, for example,
more intense cyclones in the Arabian Sea and

Bay of Bengal, and long marine heat waves like
that north of Australia in 2016. (a) The 1998-2015
linear trends for both series are displayed as
green dashed lines. (b) The 2006-15, 0-2,000-m
heat content change (W m-3), computed from the
optimal interpolation of Argo profiles. Deep, 700-
2,000-m heat content changes represent about
20% of the trend over the entire Indian Ocean.

(c) CMIP5 historical and RCP8.5 multimodel-mean
(23 models) projected changes (2080-2100 minus
1980-2000) in boreal summer (JJAS) primary pro-
ductivity. Red x symbols indicate regions where
less than 80% of the models agree on the sign of

2% 50 n% 100°% 126%

(¢) MMM RCPS.S future projection of summer
primary productivity (gC/m*/year)

= the projected change. Rapid warming and expan-

20N - sion of the Indo-Pacific warm pool has altered
the life cycle of the MJO, resulting in changing

10N - rainfall patterns across the tropics and the United

S States. Basin-scale warming, acidification, and an
ok A x AN 23 expansion of OMZs are putting stress on marine
ecosystems. A dramatic shift in the ecosystem

of the Arabian Sea is already evident as a result
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208 :‘." deribs fobed sinnbeofobels L il Indian Ocean primary productivity over 1998-
XX MK MK KKK XXX 2015, consistent with climate models that project
308 adateleRetatals : = : : : : : : : : : : il a ~20% decrease by the end of the twenty-first
. vo— X XXXXXKXX X century. In contrast, present and future evolution
40E 60F S0E 100E 120E of subsurface oxygen concentration are both
T e —— inconsistent across models and with observation-
150 -120 90 -60 -30 0 30 60 HU al estimates. Understanding regional patterns of

change, attributing them to natural variability or
anthropogenic forcing, and being able to project
them into future decades is an ongoing challenge.
Only a well-planned and sustained Ind0OOS can
provide the necessary information.
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atmospheric variables, including
surface wind and wind stress, to

allow for the estimation of ocean
surface currents.

GO-SHIP. An internationally coordinated
program of decadally repeated multidisci-
plinary scientific cruises that collect a wide
variety of high-quality measurements includ-
ing physical and geochemical properties of
seawater to full ocean depth.

Evaluating IndOOS

Extreme events. Sea level pressure and
upper-ocean (<200 m) temperature and
salinity observations from RAMA, Argo, and
drifters are essential for cyclone forecasts
and for weather forecasting more generally,
but they do not capture every storm. Cyclones
making landfall around the rim of the Indian
Ocean are the deadliest on the planet owing
to the vulnerability of infrastructure and
populations there. New satellite technologies
are needed to observe SST through cloud and
rainfall during these extreme events.

Subseasonal variability. The IndOOS has
characterized the leading modes of subsea-
sonal variability in the Indian Ocean—the
MJO and monsoon intraseasonal oscillations
(MISO). Yet, predictions of these coupled
oscillations, which modulate tropical rainfall,
remain disappointing, with little skill beyond
20-30 days. There is potential for improve-
ment in prediction skill through better
representation of air-sea coupling at diurnal
scale, including the SST response to the MJO.
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Typical phenomenon duration

Range of skillful
state-of-the-science
forecasts for Indian
Ocean weather and
climate phenom-
ena, as a function
of their time scale.
Some studies sug-
gest that decadal
climate forecasts
could be most skill-
ful for the Indian
Ocean, because the
externally forced
climate change
signal overwhelms
the inherently less
predictable decadal
variability in this
basin.

Monsoons. The southwest and northeast
monsoons dominate Indian Ocean circulation
and climate everywhere north of 10°S, and the
IndOOS has greatly refined our understanding
of these phenomena and how they redistribute
heat around the northern basin and across

the equator. In particular, RAMA velocity data
have improved our understanding of the in-
tense intermonsoon Wyrtki jets, and a decade
of surface drifter data describe the complex
surface monsoon circulation relatively well.
However, strong biases in monsoon rainfall
persist in climate models, and this motivates
new measurements that can initialize and
validate these models. There remains a gap in
observations in the western equatorial Indian
Ocean, where piracy has precluded measure-
ments for decades, including in the Somali
Current and its associated upwelling cells.

Interannual variability. Basin-scale
surface signatures of the I0D [SST, sea surface
height (SSH), wind, and sea surface salinity
(SSS)] are well described by the IndOOS, as
are the associated equatorial dynamics and
some subsurface signals and predictors.
Nevertheless, the skill of IOD forecasting
quickly drops beyond 3 months. Lack of mea-
surements in the IOD eastern pole, including
in the Java—Sumatra coastal upwelling, are
thought to be a major contributor to this

lack of forecast skill. Ocean dynamics and
sea level in the SCTR also influence the 10D.



Gliders, additional moorings, and island tide
gauges could capture these signals.

The interannual variability of mass and heat flux-
es into the Indian Ocean from the Pacific is well con-
strained by 30+ years of XBT measurements across
the mouth of the Indonesian Throughflow (ITF).
However, we now know that freshwater variabili-
ty has first-order effects on the ITF, and this means
that observations of salinity are needed alongside
temperature. The subtropical gyre hosts the subtrop-
ical dipole and Ningaloo Nifio modes but lacks the
sustained observations of the Agulhas and Leeuwin
Current/Undercurrent systems that are needed to
constrain and understand the variability of the gyre.

Decadal variability and change. The relative
paucity and irregularity of past observations com-
pared to the Pacific and Atlantic means that natural
decadal climate variability has yet to be discerned
from anthropogenic change in the Indian Ocean.

Biogeochemical cycles and change. There
are no repeat measurements of air—sea flux of CO,
as part of the IndOOS; very limited observations of
nutrients, bio-optics, and oxygen; and no baseline
for biodiversity or biomass in the Indian Ocean.
Pilot programs for biogeochemical measurements
have been conducted on some IndOOS platforms,
including RAMA moorings and the highly success-
ful Indian—Australian Bio-Argo program.

IndOOS 2020-30: The way forward

Our evaluation of the IndOOS emphasizes signif-
icant limitations to our knowledge and predictive
capabilities of Indian Ocean climate, but stresses
that these limitations can be overcome with future
enhancements.

A clear priority is to sustain the essential observ-
ing networks of IndOOS—Argo, RAMA, tide gauges,
surface drifters, XBT, GO-SHIP lines, and satellite
missions—to support understanding and predic-
tion, and for detection and attribution of anthro-
pogenic changes. Innovative, low-cost instrumen-
tation and platform technologies must transform
the IndOOS in the near future. Some of these tech-
nologies—such as gliders and Saildrones—have im-
mediate potential for reaching unmeasured regions
like upwelling zones and boundary currents.

As far as enhancements of IndOOS, the top pri-
ority is to establish sustained measurements of
the carbon cycle and of ecosystem variability and
change. Recent U.S. funding for a biogeochemical
(BGC)-Argo program paves the way for these revo-
lutionary observations over the next decade. Key
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. Dedication to Gary Meyers
This article is dedicated to Gary Meyers (1941-2016),
a visionary and leader of ocean observing systems.
He was the founding chair of the CLIVAR/ I0C-GOOS
Indian Ocean Region Panel, leading the initial design
and development of a sustainable observing system
for the Indian Ocean and effectuating the birth of
IndOOS. Gary was an eminent oceanographer who
received many awards, including the 2006 Australian
Meteorological and Oceanographic Society Medal for
Leadership in Meteorology and Oceanography. The
Indian Ocean scientific community will miss his warm
personality, deep scientific knowledge, and inspiring
leadership.

3% The late Gary Meyers, former cochair of the Indi-
an Ocean Region Panel, and one of the promoters of
the IndOOS observing system.

regions that need such measurements include the
OMZs in the northern Indian Ocean and the highly
productive upwelling systems of Somalia—Oman
and Java-Sumatra.
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To meet the regional need for seasonal-to-
subseasonal forecasting, including monsoon
predictability, key processes of the near-surface
ocean, especially diurnal mixed-layer and bar-
rier-layer variability, need to be better measured
and understood. These processes are notoriously
small-scale, requiring continuous measurements
of the upper water column at unprecedented time
and space scales. Such measurements could be
made at existing RAMA sites.

It is vital that IndOOS covers key shelf/
slope regions in the future, particularly in the
subtropics, where swift boundary currents dom-
inate the basin-wide heat, freshwater, carbon,
and nutrient budgets and where coastal upwell-
ing systems drive primary productivity, air-sea
fluxes, and climate variability. Integrating ob-
servations of boundary systems into IndOOS
may be the biggest challenge yet for the commu-
nity, requiring new cooperative agreements and
a suite of relatively novel technologies that can
capture a cascade of dynamical scales.

Finally, seasonal-to-decadal climate fore-
casts need to be constrained by more measure-
ments in the deep ocean. We recommend that
IndOOS be expanded below 2,000 m using a
suite of Deep-Argo floats, with priority in the
southern subtropical Indian Ocean where deep
heat content change is largest.

Alongside these in situ observing system
needs, three overarching ingredients are nec-
essary for the future success of IndOOS. First,
continuous and overlapping satellite missions
provide the only spatially coherent view of
the ocean and remain essential—in particular
SST, SSH, surface wind, ocean color, SSS, and
rainfall. Second, improved data assemblage
and data assimilation are urgently needed for
long, homogeneous, climate-quality records,
particularly to constrain models and predic-
tions. Finally, and perhaps most importantly,
increased engagement and partnerships with
and among Indian Ocean rim countries are
needed to expand their ocean-observing capa-
bilities in collaboration with the IndOOS com-
munity. This expansion requires open access
to exclusive economic zones, resource shar-
ing, and capacity building between nations.

The United Nations has proclaimed 2021-30
as the Decade of Ocean Science for Sustainable
Development. IndOOS-2 recommendations align
with the UN Decade program, and implement-
ing them is crucial for accomplishing its key so-
cietal goals. e'e
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BAMS: What would you like readers to learn from this
article?

Lisa Beal (University of Miami): That the Indian Ocean
matters!

BAMS: What surprised you the most about the work you
document in this article?

LB: | was surprised and delighted by how many people
volunteered their time to realize this work. We all learned
a great deal about the ocean and about ourselves. One of
the revelations that sticks with me is that satellite ocean
color data—used to estimate chlorophyll and biomass in
the ocean—has never been ground-truthed in the Indian
Ocean. There has never been a baseline for biomass and
biodiversity of the Indian Ocean. So we will never know the
half of what was out there when the system was pristine.

Roxy Koll (Indian Institute of Tropical Meteorology): |
was surprised to find that, despite high-density obser-
vational arrays like ARGO since the early 2000s, we still
have glaring gaps in ocean data. These gaps prevent us
from understanding how much heat is being transported
in and out of the ocean basins or how many fish are out
there and if the expansion of hypoxic zones is making it
unlivable for them.

BAMS: What was the biggest challenge you encountered
while doing this work?

LB: By far the biggest challenge was trying to be sure
everyone was heard and then synthesizing and focusing
all the input. We could not have done it without Jing Li
and the International CLIVAR Project Office.

RK: The biggest challenge is that our recommendations for
building a comprehensive observing system in the Indian
Ocean will remain on paper without strong regional and in-
ternational partnerships. This is where scientists must go be-
yond science and work on strategies to build these networks.
The operational costs of ocean observations have
gone up, while funding at national levels has flattened or
declined. Hydrographic data along crucial coastal zones of
the Indian Ocean are inaccessible to the global scientific
community for geopolitical reasons. Since coastal dynamics
are a crucial factor regulating weather and extreme events,
lack of data compromises the accuracy of monitoring and
forecasts. We urgently need to scale up our investments
in ocean observations, and we need to share the data in a
fair, accessible way.
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The Inner-Shelf Dynamics Experiment involved observing and
numerical modeling of complex and influential geophysical
interactions along the Pacific margin of California.

he coastal ocean spans the shoreline to the midcontinental shelf.

These waters range from O to about 100 m deep, and the inner

shelf, in particular, is dynamically complex. In this transition re-
gion between the surfzone and the midshelf, the evolution of circula-
tion and stratification is driven by multiple physical processes.

We conducted an intensive, multi-institution field experiment to
investigate the dynamics of circulation and transport in the inner
shelf and the role of coastline variability in regional circulation dy-
namics. The experiment ranged from the midshelf through the inner
shelf and into the surfzone off a 50-km section of central California, in
the vicinity of Point Sal, during September—October 2017. We call this
effort the Inner-Shelf Dynamics Experiment (ISDE). Coordinated by
the Office of Naval Research, ISDE involved satellite, airborne, shore-
and ship-based remote sensing, in-water moorings, and ship-based
sampling, as well as numerical ocean circulation models forced by
observations of winds, waves, and tides.

Coastal ocean circulation regulates the transport of tracers like
nutrients, pathogens, and pollutants critical to maintaining healthy
ecosystems. The circulation also controls lateral movement of heat
and entrained gasses, resuspension of sediment, and advection and
mixing of organic and inorganic particles contributing to variable op-
tical clarity of coastal waters.

The surfzone extends from the shoreline to the offshore extent of
depth-limited wave breaking, The midshelf, by contrast, is catego-
rized by nonoverlapping surface and bottom boundary layers sepa-
rated by a distinct interior. As the transition between these zones, the
inner shelf is where the boundary layers can overlap.

For decades, the offshore extent and the dynamical definition of the
inner shelf has remained somewhat ambiguous—it is dependent on the
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dominant processes driving the circulation in
a particular coastal region. The inner shelf has
been defined in the context of coastal wind-driv-
en dynamics. In this context, the outer bound-
ary of the inner shelf begins at the boundary
layer overlap, which causes a divergence and
eventual shutdown in Ekman transport.

The complicated dynamics within and im-
mediately outside the inner shelf include sur-
face waves, internal waves, wind, barotropic
tidal processes, buoyancy, submesoscale ed-
dies, and boundary layer—driven processes,
all contributing to changing the circulation
pattern and local stratification on frictional,
rotational, and longer time scales.

Previous studies targeting the inner shelf
have documented the wind-driven and surface
gravity wave—driven dynamics on simple coast-
lines and bathymetry, yet the role of complex
coastlines in modifying inner-shelf dynamics on
subtidal and shorter time scales have not been
well understood. Furthermore, nonlinear inter-
actions between wind, surface gravity waves,
internal waves, surface heat fluxes, turbulence,
and rip currents have yet to be quantified: prior
studies generally treated processes like subtidal
wind-driven circulation in isolation from other
inner-shelf physical processes.

A defining feature of this field program is the
capability to observe the complex superposition
(and interaction) of multiple physical features.
The project focused on quantifying circulation
dynamics and stratification evolution and on

(top) A 1-h temperature time series 5-30 m %[>
above the bed (mab) from a lander at 35-m
depth shows a packet of high-frequency waves
of elevation. (middle) East-west velocity profiles
over the 3 mab (black box in the top panel) from
a pair of up- and down-looking, pulse-coherent,
high-resolution ADCPs showing strong near-bed
velocities during the same time. (bottom) East-
west velocity component from an ADV located
roughly 1 mab (blue line in the middle panel)
shows the amplitude of currents associated with
the time scale (~12 min) of internal waves to be
typically 4 to 5 times greater than the amplitude
of currents associated with the time scale (~8 s)
of surface gravity waves. The ADV and ADCPs
logged for 20 min every half hour. The observed
near-bed flows exceeded the critical threshold
for sediment motion. Suspended particulates
may not settle between internal waves within a
packet.
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The article online

has a supplemental
animation of the
phenomena observed
and modeled in ISDE
that can be found at
10.1175/BAMS-D-19
-0281.2.

understanding and predicting tracer exchange.
The resulting high spatial and temporal resolu-
tion oceanographic measurements and numeri-
cal simulations provide a central framework for
studies exploring this complex and fascinating
oceanic region. ISDE allows for unprecedent-
ed investigations into spatial heterogeneity,
and nonlinear interactions between various
inner-shelf physical processes.

In the experiment, onshore-propagating
nonlinear tidal bores and solitons often propa-
gated through wakes. The dataset is rich with
signatures of processes driving exchange be-
tween the surfzone and inner shelf. Fronts or
internal waves were often observed in radar or
airborne data to reach the surfzone edge (sev-
eral hundred meters from the shoreline), some-
times appearing to “wrap around” rip-current
plumes that extended up to several surfzone
widths offshore (up to 1 km from the shoreline).

Among other insights, the dataset demon-
strates that high-frequency elevation waves
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generate bed shear stresses that exceed the
critical threshold for sediment motion, and
suspended particulates may not settle between
internal waves within a packet (based on grab
sample measurements of sediment size).

To complement observations, regional nu-
merical simulations were used to identify the
potential generation region of tidally forced
internal waves.

Analyses and insights

Analysis of filtered temperature measurements
from ISDE in water depths of 9-16 m reveals
alongshore dependence in temperature vari-
ability in subtidal, diurnal, and semidiurnal
frequency bands, with Point Sal being a loca-
tion of strong changes in variability. Subtidal
temperature variability was relatively uniform
alongshore with a small gradient just south of

Primary Physical Processes of Inner-Shelf Transport: A Brief Overview

Seminal studies demonstrate at subtidal time scales the sensitivity of cross-shore transport to cross-shore, upwelling-favorable, and
downwelling-favorable winds, strength of stratification and structure of mixing, alongshore pressure gradients, and the presence of
cross-shore buoyancy gradients. In addition, Stokes drift by surface gravity waves outside the surfzone may be a dominant mech-
anism for cross-shore transport, and radiation stress gradients may be a potential leading-order term in the inner-shelf cross-shore
momentum budget. Meanwhile, highly nonlinear internal tides and high-frequency internal waves in the inner shelf are responsible
for large changes in stratification and strong cross-shore currents over short time scales and also transport heat from the inner shelf
to the surfzone.

Internal waves also transport plankton and nutrients and can resuspend and transport sediment. Turbulence and mixing
generated by internal wave dissipation lead to vertical fluxes of tracers and enhance stresses that may augment the surface and
bottom boundary layer. Diurnal processes including heating and winds can also change currents and stratification.

Analogous to saturated waves in the surfzone, internal tides propagating into the inner shelf can reach a saturated state. The
internal tide saturation region starts where the incident internal tide amplitude becomes comparable to the water depth. This
typically occurred at water depths between 40 and 80 m during ISDE.

Mesoscale and submesoscale variability due to eddies, filaments, and fronts are dominant mechanisms for exchange between
the continental shelf and open ocean, delivering nutrients to coastal ecosystems. Rip currents and surfzone eddies are the pri-
mary known mechanisms for cross-shore transport. Flow separation past abrupt bathymetry such as headlands leads to vorticity
generation.

In addition, buoyancy-driven flows (e.g., river discharge) can dominate the inner-shelf circulation, and there are other
inner-shelf processes not mentioned in this brief summary.

Wind stress
Headland

Inner-shelf processes in ISDE. % > ‘ Al e~ \ Wake Vorticity Breaking
Surface waves become nonlinear - . SN
and break, generating surfzone
circulation like rip currents,
which eject onto the shelf.

Wind and tidally driven along-
shelf flows separate from the
coastline and generate eddies.
Onshore-propagating internal
waves also become nonlinear
and lead to overturning and
mixing. Additional mixing occurs
at the bottom-boundary layer.
The onshore-propagating warm
bore was at least 10 m thick with Near-bottom
0.2-3-m s~' onshore velocities. Turbulence
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Point Sal. Diurnal variability was high north
of Point Sal and was reduced south of Point
Sal and Point Purisima. The same analysis
reveals southward propagation of the diurnal
baroclinic signal. Ongoing analysis including
moorings from 9- to 50-m water depth also
shows a consistent diurnal band variability on
the length scales of tens of kilometers. Semid-
iurnal band temperature variability is found
to be substantial, especially around the head-
lands. Variable stratification and Doppler shift
associated with eddy activities might lead to
this along-shelf inhomogeneity.

Spatial heterogeneity of the semidiurnal in-
ternal tide signals from the outer to the inner
shelf have been investigated using both ob-
servations and numerical model simulations.
Mean (September 2017) semidiurnal internal
tidal energy fluxes at the 50- and 30-m isobaths
are strongest adjacent to Point Sal, decreasing
in magnitude both toward the north and south.
The flux magnitude also decreases as inter-
nal tides propagate onshore and dissipate, a
pattern that is also seen in the mean horizon-
tal kinetic energy. Furthermore, internal tide
properties, such as energy, amplitude, and
frontal structure, are influenced by the spatial
heterogeneity of stratification. For example,
nonlinear internal bore fronts are found to be
alongshore continuous 0(10) km at the 50-m
isobath and only O(1) km at the 25-m isobath.

Observed nonlinear internal waves (NLIWs) % >
included steep bores, undular bores, and
high-frequency waves of elevation and de-
pression. Internal bores propagated into the
region every 6 h and were detectable in both

in situ and remote observations. Data from
satellite SAR and land- and ship-based radar
stations demonstrate that internal bores were
alongshore-coherent of order tens of kilome-
ters, with additional short-scale horizontal
variability. This alongshore coherence decreased
toward shore. As internal waves propagated
into shallower water, their evolution depended
on the shelf stratification and background shear.
COSMO-SkyMed X-band synthetic aperture radar
(SAR) satellite image at 0158:49 UTC 9 Sep 2017
shows surface signatures of multiple internal
waves. Yellow contours indicate the 25-, 50-,

and 100-m isobaths. COSMO-SkyMed Product
Agenzia Spaziale Italiana (ASI) 2017 processed
under license from ASI. All rights reserved.
Distributed by e-GEOS.
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The role of turbulence-enhanced mixing
of mass and momentum as well as turbu-
lence energy dissipation in controlling the
inner-shelf subtidal cross-shelf circulation
has been a poorly understood topic. ISDE al-
lowed for the first comprehensive mapping of
the turbulent dissipation rates over the inner
shelf.

The distribution of depth-averaged dissipa-
tion rate over a portion of the inner shelf with
smooth topography is enhanced in shallower
regions decreasing smoothly from onshore to
offshore. The enhanced dissipation rates in
the shallower reaches of the smoother inner
shelf may be associated with a variety of pro-
cesses including surface-layer turbulence by
wind and nonlinear internal-wave dynamics.
Enhanced dissipation occurs at the headlands
and complicated bathymetry of Points Sal,
Purisima, and Arguello, with a more random-
ly distributed pattern with offshore distance.
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Sensors and Platforms

A total of 173 moorings and bottom landers were deployed
during the experiment to measure temperature, salinity,
current velocity, turbulence, surface gravity waves, and sus-
pended sediment. Water-column temperature and salinity
were measured along vertical mooring lines at 95 locations.
Temperature sensors spanned the water column with vertical
spacing of 1-5 m between sensors at the deeper locations and
1 m or less in shallow water. Sensor sample intervals varied
from 0.5 to 30 s. Each lander had an upward-looking acoustic
Doppler current profiler (ADCP) to measure current velocities.
The vertical resolution ranged between 0.25 and 3 m. Most
landers were also equipped with temperature sensors, pro-
grammed to sample at the same rate as the mooring sensors.
In addition, high-precision pressure sensors (Ppods) were de-
ployed on landers at five locations. Two of the landers were in-
strumented to observe near bed currents, turbulence, and sea-
bed roughness using a suite of acoustic Doppler velocimeters
(ADVs), high-resolution ADCPs (2 MHz), and high-frequency
seabed imaging sonars. As noted above, some ADCPs resolved
turbulent stresses. Temperature microstructure was measured
along mooring lines and landers using x pods. A newly devel-
oped instrument for this experiment, the GusT, was equipped
to measure temperature and velocity microstructure as well as
pressure and instrument orientation, pitch, roll, and acceler-
ation. Approximately 80 GusT instruments were deployed on
moored and shipboard platforms, providing greatly enhanced
coverage of turbulence over the inner shelf.

Surface gravity wave directional spectra were measured
using Sofar Spotter buoys at 18 locations and one miniature
wave buoy near Point Sal. In addition, meteorological mea-
surements were made from a mooring near Point Sal as well
as from two locations on land.

In addition, there were drifters, land-based X-band radar,
sUAS-based imaging, and along-coast surveys coordinated
from as many as three ships (R/Vs Oceanus, Sally Ride, and
Robert Gordon Sproul) and three small boats (R/Vs Kalipi,
Sally Ann, and Sounder) with downward-looking ADCPs and
profiling conductivity—temperature—depth (CTD) instruments.

Some ships also had echosounders, turbulence profilers
(VMP-250, x pods, and GusTs), fluorometers, and meteorologi-
cal sensors. Bow-chains were deployed from the R/V Sally Ride
and the R/V R. G. Sproul and measured temperature, salinity,
and turbulence in the upper 20 m of the water column. The
R/V Sally Ride conducted more than 5,100 vertical profiles
using the VMP-250, while the R/V Oceanus—equipped with
a towed CTD installed with a GusT probe, attached at the
leading edge of the CTD—conducted more than 4,200 pro-
files. The R/V R. G. Sproul conducted more than 3,900 profiles
with a towed CTD. Also, on 14 separate days, approximately
30 surface drifters were deployed from small boats on daily

(or longer) missions designed to target specific processes—
for example, along- and across-shore transport and dispersion
flow around the headland (Point Sal). Most drifters measured
surface temperature. Some were designed to directly measure
surface vorticity. Others were equipped with sensors to mea-
sure surface shear and turbulence, wave statistics, and mete-
orological fields.
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% Contour lines show water depths in meters. A dense array
of directional wave buoys (along the 100-m, 50-m, and 20-m
isobaths) allowed for reconstruction of the regional mean
wave field in real time.
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Elevated near-bottom dissipation from inter-
nal bores was also observed.

On the regional modeling scale, ISDE hind-
cast simulations suggest that the addition of
remote baroclinic tides reduces the subtidal
continental shelf stratification by up to 50%
relative to simulations without tidal process-
es. A further analysis using passive parti-
cle dispersion in these simulations showed
horizontal relative and vertical dispersion of
three-dimensional drifters to be a factor of 2 to
3 times larger when including baroclinic tides.

Inner-shelf Interactions. Concurrent
measurements of temperature, velocity,

and turbulence at fixed-mooring locations
supplemented by shipboard observations and
numerical model results will allow for investi-
gation of the interactions between inner-shelf
physical processes. For example, mid- to
inner-shelf stratification variability driven

by synoptic variations in winds is expected

-8

Particle depth (m)
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to modify the propagation of semidiurnal
internal tides.

One objective of the ISDE was to quantify
the role of the surfzone as an onshore “bound-
ary condition” to the shelf. In particular, it is
not known how cross-shore exchange, or the
magnitude of onshore or offshore material
transport, varies along a complex coastline.
The extent to which shelf and surfzone pro-
cesses, including rip currents and internal
waves, influence each other is poorly under-
stood. X-band radar imagery in ISDE has sug-
gested periods when nonlinear internal tidal
bores interact with offshore-directed rip cur-
rents. These interactions have unknown con-
sequences for exchange between the surfzone
and the inner shelf and will be pursued in de-
tailed analysis of observations supplemented
by idealized modeling studies.

Form drag associated with coastline vari-
ability influences flow separation, wakes and
eddies, and enhanced mixing. This is clearly

Z(m)
0

-4 0
X (km)

% A modeling study with Lagrangian trajectories for particles launched offshore of Point Sal near the seafloor, at 80% of
the water-column depth, along 15 cross sections during an upwelling event in 2015. Particles launched inshore of the 25-m
isobath are colored yellow to red depending on their depth, and those released deeper are black. Racks are shown for 1.5
days. This model behavior agrees with the moored-array and shipboard observations: through interaction of the wind- and
pressure-driven along-shelf flows, near-surface (20-25-m depth) water from the inner shelf is fluxed offshore at this promon-
tory. This flow-topography mechanism is important for expelling upwelled water from the shelf.
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exhibited by a rapid change in diurnal and of this problem. In addition, the eddies shed

semidiurnal variability in temperature around in the lee of the headland may interact with
headlands. It is expected that the momentum buoyancy fronts in the inner shelf, changing
transfer from mean flows into eddies and tur- the circulation in thermal wind balance and
bulence will be important to the along-shelf inducing ageostrophic secondary circulations.
momentum balance. Detailed pressure mea- It has been known for a while that changes
surements around Point Sal supplemented by in vertical mixing as represented by an eddy

mooring measurements and shipboard ob-
servations will facilitate further investigation

Nonlinear internal waves (NLIW) can drive
strong thermal fronts in the inner shelf.
Aerial image of sea surface temperature from airplane- Elevated turbulence behind the internal bore
mounted longwave infrared (LIWR) camera reveals an front suggests that NLIWs generate strong
internal wave front that extends ~20 km alongshore. midwater-column mixing due to shear and/or
P* convective instabilities.
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A large rip current (high in-
tensity feature at y = 8.1 km)
appearing to interact with
an onshore-propagating
internal bore (alongshore
bands of high and low
backscatter in this X-band
radar image).
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A white foam line (indicated by
arrows) carried by the internal
bore as it bends around the

rip current plume. The bright
linear radar feature (transect-
ing the blue dot) is collocated
with the back face of a cold
pulse at depth.

The cold pulse is 5°C cooler than the surface
water and lasts around 6 h at the sensor loca-
tion. These and other mooring data indicate
that internal waves alter the stratification
outside of the surfzone on relatively short
time scales. This rapid stratification of an
unstratified region is expected to influence
offshore material transport by rip currents.
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% Particularly striking are events in which surfzone rip currents appear to collide with shoreward-propagating internal
waves and fronts. (a) Airborne thermal infrared image (°C, calibrated with radiometer), taken on 15 Oct 2017 starting at

1639 UTC, composed of a mosaicked set of images from a continuous nearly 50-km along-coast transect centered at Point Sal
(near y = 0 m). Cool “plumes” driven by rip currents (e.g., cool features emerging from the surfzone) with several-hundred-
meter cross-shore scales at 0 <y < 22 km and -12 < y < -7 km are observed, along with signatures of fronts and internal
waves (e.g., strong frontal signature at -4 < y < —6 km). In the southernmost half of the image, a strong front was observed to
intersect with plumes in the surfzone. Inset shows zoom to 1 km x 5 km region with cool plumes. Dashed box in (a) shows the
location of the radar image in (b) and the blue dot shows mooring location in both panels. (b) X-band radar. Dashed box in (b)
shows the location of the sUAS image in (c). (c) Rectified visible image from sUAS. (d) Mooring time series of the east-west ve-
locity profile. (e) Temperature vs depth time series for an event in which an internal wave [bright band in (b), white foam line
in (c)] intersected with a rip current [plumelike feature in (b) and (c) near y = 8 km] on 12-13 Sep 2017. The time of the radar
image is shown with a vertical line in the velocity and temperature profiles. The gap in the temperature profiles in (e) from
approximately z = -3 to -5 m is due to the loss of two temperature sensors during the deployment period.
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diffusivity can modify the wind-driven circula-
tions. Recent work has analogously quantified
the contribution that turbulent momentum
fluxes make to the cross-shore and alongshore
momentum budgets: episodic turbulence from
passing bores and solitons dominates the long-
term average of turbulent stresses over diurnal
to seasonal time scales. The recent finding
that the turbulent stresses play an order-one

role in the cross-shore momentum budget at
all depths pointed to the need to revise our
conceptual model of dynamical balances off-
shore of the surfzone. Similarly, turbulence at
the leading edge of an internal tidal bore may
control the propagation (phase speed) and
nonlinear evolution of subsequent bores. This
question is being explored using mooring and
shipboard measurements. o'

In Memoriam
Nirnimesh Kumar, 1984-2020

Nirnimesh (Nirni) was a coastal physical oceanographer at the University
of Washington. He completed his Bachelor of Science in 2007 at the Indi-
an Institute of Technology in West Bengal, India, where he studied ocean
engineering and naval architecture. Following that, Nirni completed his
M.Sc. and Ph.D. at the University of South Carolina under the supervision
of George Voulgaris in 2010 and 2013. Before moving to Seattle, he was a
postdoctoral scholar at the Scripps Institution of Oceanography, where he
worked on a range of coastal-zone projects including becoming a leader on
the ONR-funded Inner- Shelf DRI that this paper describes.

Technically deft and creative, Nirni was blossoming as a leader across
a range of research topics. He valued scientific collaboration, and the ex-
change of ideas, and delighted in sharing achievements with others. He
had an uncanny ability to develop and maintain collaborations across a
wide range of coastal oceanographic regions, from the nearshore of South-
ern California to the high Arctic polar regions. Nirni was an enthusiastic
scientist and an incredibly thoughtful mentor. His gregarious spirit brought
an energy to our community that is irreplaceable. He will be remembered
for his mischievous smile, his eagerness to help others, his deep scientific
insights, and his rigorous work ethic.

This paper is dedicated to our friend, shipmate, and colleague Nirnimesh
Kumar. We will miss you more than you can imagine.

Sean Haney, 1987-2021

H The coexistence and intermingling of these two distinct features
(gravity currents and internal bores) remind us that as students of turbu-
lent flows we cannot restrict ourselves to the study of a single scale or
type of ocean dynamics. This may be only one of many cases of intersec-
tions and interactions between nominally distinct phenomena that are yet
to be appreciated.”

—Sean Haney (Scripps Institution of Oceanography, University of
California, colleague, coauthor), from his Journal of Physical
Oceanography paper on ISDE research (DOI:10.1175/JPO-D-21-0062.1).

% Nirnimesh Kumar aboard the R/ V Sally Ride
during the Inner-Shelf Dynamics Experiment,
2017.
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— METADATA

BAMS: \What would you like readers
to learn from this article?

James A. Lerczak (Oregon State
University): While many of the
physical mechanisms that drive
circulation, transport, and disper-
sion in the inner shelf have been
identified, it is an exciting challenge
to execute a large-scale and collab-
orative field and modeling experi-
ment to understand when, where,
and how these mechanisms interact.
Such interaction results in drastical-
ly different circulation, transport,
and dispersion patterns from what
would be predicted by a particular
mechanism in isolation, or the sum
of the mechanisms considered with-
out their interactions.

Jaqueline M. McSweeney (Oregon
State University): The physical pro-
cesses that determine the oceanic
circulation and fate of material on
the inner shelf are complex and
intertwined. Trying to isolate the
relative contribution of a specific
process is challenging because it
necessitates us to observe a very
wide range of spatial and time
scales. Even with the rich dataset
collected through the inner-shelf
dynamics experiment (ISDE)—one
of the most resolved datasets in
existence—there are processes that
are difficult to adequately resolve
or separate.

BAMS: What got you initially
interested in coastal physical
oceanography?

JL: | enjoy studying the complex,
clearly observable, and immediate
impacts of coastal ocean physi-

cal processes on ecosystems and
humans. | am particularly fascinated
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by processes occurring on short time
scales (tidal and shorter). You can
go out on a small boat or a kayak
for a day and make some interest-
ing measurements while watching
the sea change around you.

BAMS: How did you become inter-
ested in the topic of this article?

JM: I’'m intrigued by the challenge
of identifying the relative impor-
tance of multiple processes with
overlapping spatiotemporal scales,
and the inner shelf is a fascinat-
ing place to study for this exact
reason! When | learned the scope
of the ISDE project, | was ecstatic
to take on such a complex topic
and collaborate with this amazing
team.

BAMS: What surprised you the most
about the work you document in
this article?

JM: | was especially surprised to
find that internal waves are pres-
ent approximately every 6 hours

in this region. Based on previous
work, we were expecting to ob-
serve internal waves approximately
every 12 hours! | was also excited
to discover that the complex spatial
heterogeneity of each internal
wave is different, dependent

both on the low-frequency shelf
conditions and the influence of the
previous wave.

Amy F. Waterhouse (Scripps Institu-
tion of Technology): Every time we
make measurements on the ocean,
we always learn new and very unex-
pected things. As we develop new
and better instruments, we will
keep discovering new exciting phys-
ical processes. ISDE was special in

that we were able to make oceano-
graphic measurements on the inner
shelf from almost all the oceano-
graphic platforms available at an
incredibly high resolution, on a part
of the coast that is complicated and
full of exciting physical dynamics.

BAMS: What was the biggest chal-
lenge you encountered while doing
this work?

JL: This experiment involved many
instruments and sampling methods.
Working with colleagues to coordi-
nate ISDE was an exciting challenge,
from experiment design, construc-
tion of platforms, and executing a
coordinated field plan to effectively
centralizing the vast and diverse
datasets to make them easily acces-
sible and usable for the group, and
now the entire science community.
Fortunately, this group of creative
and energetic scientists worked very
well together.

JM: Trying to characterize and ex-
plain the variability in the internal
wave field has been extremely
challenging! There are many fac-
tors that influence the evolution
and fate of an internal wave, and
| found it insightful to evaluate
those factors at an event scale
(one wave at a time). However,
scaling that analysis up to look at
a 2-month dataset (with 4 internal
bores per day) is really nuanced and
time-consuming.

AW: There is so much interacting
physics that we were able to ob-
serve on the inner shelf during ISDE.
Trying to detangle all the various
processes to understand what is re-
ally driving the cross-shelf exchange
has been a fun, yet difficult, task.
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FROM HEADQUARTERS

Reflections on the Environmental Security
Theme of the 102nd Annual Meeting

ow that the successful 102nd Annual Meeting has

concluded, it is a good time to reflect on the theme

of the meeting and the future implications for
the AMS and the weather, water, and climate enterprise
at large. The theme, “Environmental Security: Weather,
Water and Climate for a More Secure World,” was orga-
nized around the linkage between weather and climate
changes and their influence on the security of nations and
their people. With a rapidly increasing global population
(including a growing percentage that is migrating to coast-
al areas and/or away from areas of crises), coupled with
the evolving human and national security impacts from
disruption of weather and climate norms, we are seeing a
growing influence of weather, water, and climate on na-
tional security and the security of their peoples. As such,
the theme of the meeting was intended to inform the broad
AMS membership on the connections of our weather, wa-
ter, and climate disciplines to larger societal impacts, and
to demonstrate how important our contributions are to the
basic security needs of the citizens of the United States and
the world. Another motivation was to bring world-class
experts on the impacts of extreme weather and climate
on water quality/scarcity, energy, food, and health to the
Annual Meeting and share their experiences and insights
with AMS members who may not often see those down-
stream linkages to their specific discipline.

The environmental security content of the Annual
Meeting began with a world-class panel discussion at the
Presidential Forum followed by 15 scheduled Presidential
Sessions on environmental security that occurred during
the remainder of the meeting. These sessions featured
experts in the areas of health, energy, water, food, science
and diplomacy, and environmental justice, as well as
local expertise and perspectives from security impacts in

our host city of Houston and across Texas. These sessions

AMERICAN METEOROLOGICAL SOCIETY

offered two-way exchanges, where AMS members were
able to help these policy experts learn more about how our
research and operations can inform their efforts, and with
the experts helping our AMS members learn more about
the broader societal impacts of our weather, water, and cli-
mate disciplines. If you were not able to see these sessions
live, please take advantage of the recordings and watch
them at your convenience.

With the 102nd Annual Meeting successfully behind
us, what opportunities lie ahead of us to continue these
conversations and expand our thinking on the national
and human security impacts from weather, water, and
climate changes? First, we should build on the success
of this Annual Meeting with the continued engagement
of environmental security policymakers and leaders in
the diverse areas of energy, health, food security, water
quality/security, diplomacy, development/aid, nation-
al security, and environmental justice and others. We
should encourage these experts to embrace AMS as a
partner and even become members themselves. Second,
AMS members can broaden our horizons to consider
the broader societal implications of our Earth system
sciences to include making those linkages in scientific
works suitable for the AMS Weather, Climate, and Society
journal as well as BAMS. Third, for those who wish to
get personally involved in building the momentum for
greater synergies between our environmental sciences
and security-related impacts on society, please consider
joining the AMS Committee on Environmental Securi-
ty. More information on the committee can be found at
https://www.ametsoc.org/index.cfm/cwwce/committees

/committee-on-environmental-security/. ®

Mike Farrar
2021 AMS President
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MEMBER SPOTLIGHT

KATHERINE CALVIN has been appoint-
ed as NASA's chief scientist and senior
climate advisor to Administrator Bill
Nelson. As chief scientist and senior
climate advisor, Calvin will serve as prin-
cipal advisor to the administrator and
other agency leaders on NASA science
programs, strategic planning, and policy.
She will also represent the agency’s
strategic science objectives and contri-
butions to the national and international
science communities.

Previously, Calvin was an Earth
scientist at the Pacific Northwest Na-
tional Laboratory's Joint Global Change
Research Institute in College Park,
Maryland. She worked on the institute’s
Global Change Analysis Model, a system
for exploring and analyzing the relation-
ships between human and Earth systems,
and the Department of Energy’s Energy
Exascale Earth System Model, a system
for analyzing the Earth system.

Calvin holds master’s and doctoral
degrees in management, science, and
engineering from Stanford University
and a bachelor’s degree in computer
science and mathematics from the
University of Maryland.

AMERICAN METEOROLOGICAL SOCIETY
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MICHAEL MORGAN has been announced by President Joe Biden as a
nominee for assistant secretary for environmental observation and
prediction, Department of Commerce. Morgan is a professor in the
Department of Atmospheric and Oceanic Sciences at the University
of Wisconsin—Madison, where he serves as the associate chair of the
department’s undergraduate program.

Morgan has served on the AMS Board on Women and Minorities
and the AMS Scientific and Technological Activities Commission for
Atmospheric and Oceanic Fluid Dynamics, and as an AMS Councilor. He
was elected an AMS Fellow in 2018 and has served on the World Me-
teorological Organization World Weather Research Program'’s Science
Steering Committee since 2014. Morgan is completing a second term
on the University Corporation for Atmospheric Research (UCAR) Board
of Trustees and currently serves as a member of the Board of Directors
of the American Institute of Physics.

Morgan was an AMS/UCAR Congressional Science Fellow working
in the office of U.S. Senator Benjamin Cardin as a senior legislative
fellow on energy and environment issues in support of the Senator’s
service on the Environment and Public Works Committee. From June
2010 until June 2014, Morgan served as division director for the Divi-
sion of Atmospheric and Geospace Sciences at the National Science
Foundation. His research interests include the analysis, diagnosis,
prediction, and predictability of midlatitude and tropical weather sys-
tems. Morgan earned his S.B. in mathematics and Ph.D. in meteorology
from the Massachusetts Institute of Technology.
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CLEAR SKIES AHEAD

“You’re also helping to review other individuals’ publications
and papers and their grant proposals. You’re participating
also on committees and things of that nature. So it really
allows you the opportunity to engage with other people
throughout the field and also to meet other people who are
doing incredible science as well. You can operate in this pool
where you leverage expertise one to another. That’s one of the
most engaging things about it and encouraging things about
it...it’s different from the Ph.D. process, where it’s really all
on you. When you finally are in a position as a researcher,
tenure-track professor, or a tenured professor, you get to
reach out to other people in collaborative ways and ask really
complex questions.”

— Brad Johnson, assistant professor of geography
at Florida State University in Tallahassee, talks
about pursuing tenure in academia. For more,
listen to the Clear Skies Ahead podcast, with new
episodes released every other Tuesday.

www.distromet.com

Your equipment to measure

DO POINTS Rain Drop Size Distributions

The AMS Food Security Committee has released a
new podcast where they talk to meteorologists,
sociologists, and policy experts about all aspects

of how to improve food security in a rapidly warm-
ing climate, from what makes an impactful early
warning system to how technological advancements
in agrometeorology can help in the battle for food
security. Listen at https://anchor.fm/foodsecurity2022.

A
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Jeff Yuhas

Teacher, Oak Knoll School, Summit, New Jersey
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BAMS: How did you first become
involved with AMS?

YUHAS: It’s a threefold story. As a mete-
orology grad student at Penn State, we
basically all had to join AMS. Then, in my
first career as an air quality meteorologist,
I presented at the Annual Meeting talking
about dispersion modeling of point sourc-
es. I stepped away for a bit when I started
my teaching career. Ten years into my
teaching career I was looking for a spark
and renewed my AMS membership around
2010. I then presented, with a high school
meteorology student of mine, at the Annual
Meeting in Atlanta about using green
screen technology in a meteorology class,
and things took off from there.

BAMS: What would you like to tell
others about AMS Education programs?

YUHAS: Take the courses! At a minimum
you’ll get credits that will move you along
the pay scale and help with recertifica-
tion. But don’t let that be it. For me it’s
been about the relationships I've devel-
oped with instructors, fellow students,
and my students when [ was an instruc-
tor. I may have recruited a couple into the
ranks of AMS.

BAMS: What benefit has your engage-
ment with AMS (or AMS Ed) had on
your career?

YUHAS: Anytime I participate in an AMS
activity—attend the Annual Meeting, take
an AMS Education Program class, go to
AMS Policy events in Washington, D.C.—
I find myself reenergized. I have met many
people there, which has led to acquiring
content for classes, bringing in speakers,
and planning trips.

As much as anything, I have developed
a network of colleagues at AMS that I con-
tinue to collaborate with to plan curricu-
lum and prepare AMS presentations. This
is being amplified by the new Teachers
Community in the AMS Community.

BAMS: What excites you most about
being a member of the AMS community?

YUHAS: I love the opportunities to con-
tribute to AMS. In 2011, I was recruited
to be a member of the Board of Outreach
and Pre-College Education. From there



I chaired the Battan Book Award Com- BAMS: What else do you do for fun | have developed a
mittee .j;md cochaired the C.o.nference on besidsfs engaging i|? weather, water, network of colleagues
Education. It was very exciting to be part and climate education?

at AMS that | continue
to collaborate with
to plan curriculum

of the team that planned and organized
the Annual Meeting in Boston, celebrating =~ YUHAS: With my youngest son having
the 100th anniversary of AMS. I also was headed off to college, I have begun a
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a teacher fo%' Project Atmosphere. Each of coaching career at my schO(?l. I took Ifly and prepare AMS
these experiences has allowed me to meet years of youth soccer coaching experience tati

more and more people in more and more and started coaching the fifth and sixth presentations.
professions and industries. grade boys at Oak Knoll. I enjoy spending

part of my summer back in New England in
Ogunquit, Maine.
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CHAPTER SPOTLIGHT

Regularly scheduled production is back in full swing for the lowa State AMS
chapter. Every Tuesday and Thursday, the members are in the broadcast meteo-
“fology studio producing their weather broadcast show, Cy’s Eyeswhe Skies.
W
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HARRY VAN LOON 1925-2021

arry van Loon was a wonderful person and a great

scientific colleague. He passed away on Decem-

ber 13, 2021 at the age of 96. His enthusiasm was
boundless and influenced all those around him. He was
always full of ideas and very generous and friendly.

Harry was born in Denmark in 1925 and finished

high school in 1943. During WWII, he was a member of
the Danish underground and actively resisted the Nazi
occupation of Denmark. In addition to smuggling weapons
and damaging German vehicles, he was part of a network
that assembled banned war news from the BBC. At great
personal risk, Harry helped secretly publish and distrib-
ute uncensored information. Immediately after the war,
he joined the Weather Bureau in Denmark in the summer

A

Harry in his greenhouse garden (ca. 2001).
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of 1945 and was drafted into the Danish military in 1946.
He was interested in archeology but developed and then
pursued his life-long passion for meteorology and climate.
This led to a research fellowship with Hurd Willett at the
Massachusetts Institute of Technology (MIT) from 1951 un-
til 1954. At MIT he enjoyed the frequent synoptic labs and
interacted with Victor Starr, Fred Sanders, and Dick Reed.
Phil Thompson, Ed Lorenz, and Larry Gates came along
while he was there.

Willett started a Southern Hemisphere Project that led to
interactions with the South African Weather Bureau, who
were establishing a similar project. Data over the Southern
Hemisphere were extremely sparse and were not transmit-
ted at all from regions south of 40°S. The World Meteoro-
logical Organization and South Africa helped by sending
data from whaling ships. He wrote two papers while at MIT.
His first was published in 1954 and the second was never
published. When interviewed by Hans von Storch, George
Kiladis, and Rol Madden in 2004, Harry was asked he if did
his own quality control of the data. He answered, “When
you have so few data, you are very careful about it. You
study every aspect of the observation, pressure, pressure
tendency, clouds, cloud heights, cloud types, temperature,
dewpoint, wind, weather, every aspect is closely scruti-
nized. So you get the most out of every observation.”

After MIT, he briefly returned to the Weather Bureau
in Denmark, but soon thereafter moved to South Africa,
where he completed a geography degree and became in-
volved in their Southern Hemisphere project that included
producing unprecedentedly detailed synoptic weather
maps over the Southern Ocean based on weather data
reported by whaling ships. Hence, he developed an expert
knowledge of Southern Hemisphere weather and climate
and wrote definitive papers on topics such as blocking in
the Southern Hemisphere

Harry met up with Harry Wexler, which ultimately led
him to travel to Antarctica in October 1957 until March 1958
as new facilities were being established for the Internation-
al Geophysical Year (July 1957-December 1958). The many
flights to and from Antarctica required forecasts, and
Harry obliged. Once back in South Africa, his contract was
extended for another three years.

In 1963, Harry was invited by Phil Thompson to come
to the National Centers for Atmospheric Research (NCAR).



A month later, Chester Newton arrived and formed the
Synoptic Group. Paul Julian moved over from the High
Altitude Observatory, and they were joined by Henry van
de Boogaard and Jim Fankhauser, and somewhat later by
Ed Zipser. Warren Washington and Akira Kasahara joined
NCAR about the same time. Roy Jenne came to NCAR about
1966 and Rol Madden joined the group in 1967. Roy brought
in computer processing capabili-
ties and accelerated data pro-
cessing enormously; for instance,
working with J. J. Taljaard without
computers, Harry reported it took
three days to complete a single
analysis of the Southern Hemi-
sphere surface, thickness, and
500-hPa maps after all the obser-
vations were carefully plotted by
hand. However, as Harry never
mastered computers, he worked

Harry at NCAR in 2001.

with others to get data processed and
mapped. The Data Support Section
(Jenne, Dennis Joseph, and Will Span-
gler in particular) often helped Harry,
and there are many Van Loon and Jenne
papers. Ultimately, these efforts led to
the Meteorology of the Southern Hemisphere, which was
published in 1972. This AMS Meteorological Monograph,
edited by Newton, with its associated knowledge about the
Southern Hemisphere synoptic weather, circulation, and
climate, was truly groundbreaking.

Dennis Shea arrived in April 1972, but the Synoptic
Group was dissolved in 1973. With widespread reorganiza-
tion taking place, most members eventually transitioned
to the Empirical Studies Group in 1977 (Image 1), led by
Newton and briefly by Madden until 1987, when it evolved
to become the Climate Analysis Section (CAS) led by Kevin
Trenberth, who had arrived in 1984. Dennis was a key pro-
grammer for Harry. Jim Hurrell arrived in 1990 and joined
CAS in 1991, Clara Deser joined in 1997, and Jerry Meehl
was also a member of CAS during that time.

In 1965, Karen Labitzke visited NCAR and formed a life-
long collaboration with Harry that resulted in more than 30
papers. In terms of other work, Harry’s 1967 paper on the
semiannual oscillation in the Southern Hemisphere mid-

AMERICAN METEOROLOGICAL SOCIETY

Harry published more than 100
papers and inspired many more.
His ideas have influenced collab-

orators from all over the world.

Members of NCAR's Empirical Study Group,
(left to right) Paul Julian, Roland Madden,
Dennis Shea, and Chester Newton, listen-
ing attentively to Harry (ca. 1980).

and high latitudes

won the first NCAR Publication award prize. According to
Harry, those were the golden years (up until about 1973).
Over this period, Harry wrote a series of papers on annual
and semiannual variations in the atmosphere of both
hemispheres, and in ocean currents and stratospheric
winds, which have provided considerable insight into the
workings of seasonal forcings.

He later wrote a series of innovative papers on waves
in the Southern Hemisphere, then switched to waves in
the north and the tropics: the North Atlantic Oscillation,
then the Southern Oscillation. The latter involved nine
papers published from 1981 to 1989, each titled and num-
bered “The Southern Oscillation: Part I-IX.” In addition
to Labitzke, key collaborators on his papers in the 1980s
and 1990s included Jeff Rogers, Jill Williams (now Jaeger),
Jerry Meehl, Dennis Shea, George Kiladis, and Jim Hurrell.
Harry demonstrated the importance of changing advection
patterns to show changes in temperature and documented
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the relation between eddy heat transports and temperature
gradients. He then went on to explore the quasi-biennial
oscillation and solar—climate relationships.

Harry published more than 100 papers and inspired
many more. His ideas have influenced collaborators from
all over the world. Several of them came together at NCAR
in 1984 to join in a symposium dedicated to honor his
continuing contributions to our science. In October 1997,

a second Harry van Loon Symposium took place at NCAR
and was published as proceedings as NCAR Tech. Note 433.

In 1991, at age 65, he stepped down as a senior scientist
at NCAR but continued actively doing science well into the
twenty-first century with Ralph Milliff, Meehl, and others.
His final paper with Meehl and Julie Arblaster on the
Southern Hemisphere semiannual oscillation and El Nifio
events, published in 2017 when Harry was 91, capped a re-
markably long career of insightful and productive scientif-
ic research. His insights, enthusiasm, and encouragement
lie behind many papers that don’t bear his name.
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Haonan Chen
Colorado State University

Harry was honored by a named glacier in Antarctica:
(71°1'S 163°24'E), 13 kilometers long, draining the eastern
slopes of the Bowers Mountains. The Advisory Committee
on Antarctic Names selected the name “Van Loon” because
Harry was a member of the Antarctic Weather Central team
at Little America on the Ross Ice Shelf in 1957-58 and had
written numerous scientific papers on Antarctic and South-
ern Hemisphere atmospheric research.

In his personal life, Harry's enthusiasm for science
was matched by his fervor and love for his family: wife,
Kirsten; sons, Mikael and Paul; daughter, Helen; and
their families. Harry was also well known for his love of
gardening and the amazing plants that filled his NCAR
office and that he cultivated in his greenhouse at home.
Also memorable were his wonderful puns and his viselike
handshake. He will be greatly missed, but his spirit lives
on in the many he inspired.

— KEVIN TRENBERTH, JIM HURRELL, ROL MADDEN,
DENNIS SHEA, AND JERRY MEEHL

N
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V. Chandrasekar
Colorado State University
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LIVING ON THE REAL WORLD

with William H. Hooke

Remedial Reading.

April Lawson's Essay on Building Trust across the Political Divide

You'll want to read her absolutely brilliant and uplifting 2021
article (https://comment.org/building-trust-across-the-political
-divide/). But first please indulge a bit of LOTRW backstory.

Each year, come January 1, most of the world’s eight billion
people share a common aspiration—to make their next 365
days "better” than the last. Definitions of “better” may vary.
Some seek happiness. Some desire accomplishment. Some seek
peace—whether world peace or simply peace of mind. Given the
2021 we've just experienced, a better 2022 seems like a low bar,
whatever your aspiration.

Close to home, that's certainly been true here at Livingonthe-
RealWorld. Take, for example, the last few posts of 2021, which
have made reference to stream of consciousness.

(In literary criticism, stream of consciousness is a narrative
mode or method that attempts “to depict the multitu-
dinous thoughts and feelings which pass through the
mind"” of a narrator.)

But those previous posts at LOTRWW date no more recently than
early November! After ten years and one thousand posts (about
one post every four days over the period), the LOTRW stream of
consciousness slowed to an intermittent trickle in 2021; now the
stream bed seems nothing more than a dry wadi. (What was/is
the cause of this? You might argue that I've run out of ideas. Think
what you want. But like everyone and everything else these days,
| prefer to blame the psychological drought on climate change.
Everything is drying up.)

But somewhere in the uplands of the watershed, the con-
sciousness precip must have made its return, because the stream is
running again. Here's what it has looked like for me over the past
couple of days:

One of the realities of our world of eight billion people and 200
million square miles of surface area, is that a lot happens while
our backs are turned. So what do six billion smartphone users do?
Sometimes idly, sometimes driven by FOMO, we surf the web. My
search has yielded oodles of turn-of-the-calendar content. One
NYT post that caught my attention mentioned a David Brooks
column devoted to his annual “Sidney awards.” | checked it out.
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In Mr. Brooks' own words:

At the end of every year, | pause from the rush of events to
offer the Sidney Awards, which | created in honor of the late,
great philosopher Sidney Hook. The Sidneys go to some of the
year's best long-form journalism—the essays that touch the
deeper human realities. During this shapeless year, waiting
endlessly for this pandemic to be over, I've found myself drawn
to stories of fascinating individuals.

Unsurprisingly, Brooks' offerings this year featured a number of
somber pieces, plumbing great depths of sorrow and brokenness.
At the end Brooks acknowledges this:

OK. Enough grimness. Let's find some hope. We've all read a
zillion pieces on political polarization, but April Lawson’s essay
“Building Trust Across the Political Divide,” in Comment, is like
none other. The secret is that Lawson has actually been working
in the field of political bridge-building, and she deftly dissects
why so many of those well-intentioned efforts go wrong.

Wow.

April Lawson's piece, dating back all the way to the prior
January, is an absolute gem. Rather than attempt a summary, I'll
let you discover it for yourselves (or, perhaps you'd already read it,
as early as a year ago?). Her analysis of our polarized predicament
is insightful by itself, but learning (however belatedly—remember,
we're talking remedial reading here) about her work at Braver
Angels Debate to pave a new way forward is truly energizing.
Exhilarating to see that such work is ongoing, and to contemplate
the possibilities. | hope you're able to give it a careful read.

A closing note. That wasn't the last bend in the stream-of-con-
sciousness. The whole issue of remedial reading—the search for
useful information in today's “noisy” information world (flow)

of consciousness and the attraction of chasing around the web
hoping to stumble across such gems—reminded me of something
I hadn't thought about for years. In the late 1950s and early 1960s
my statistician dad, Robert Hooke, and a colleague, Terry Jeeves,
were both working at the Westinghouse Research Laboratories in

Pittsburgh. They developed a strategy for direct search for optima
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in the performance of any physical or chemical system (or in seek-
ing information on the internet?) when analytical methods were
of no avail. They published a paper on the technique (Hooke R &
Jeeves T A. "Direct search” solution of numerical and statistical
problems. J. Ass. Comput. Mach., 8:212-29, 1961). While admit-
ting that “direct search is a crude, brute force method having no
mathematical elegance,” Hooke later suggested that the resulting
large number of citations to this paper (over 270 by 1980; balloon-
ing to over 5,000 to date) hint “there are more [such intractable]

problems around than one might think. Among real nonlinear
multivariate problems, those that are solvable analytically or by
socially acceptable numerical methods seem to constitute a set of
measure zero.” Dad used to share his work along these lines with
his teenage sons at the dinner table during those years. Nowadays
you can find YouTube lectures on the Hooke and Jeeves direct
search systems. If he were alive today, this continuing interest in
his work would (a) come as a surprise, and (b) trigger one of his
signature wry smiles...

William H. Hooke is AMS associate executive director and former director of the AMS Policy Program. This essay

->

was posted January 1, 2022 on his blog, https://www.livingontherealworld.org. In 2010, AMS published his book,

Living on the Real World: How Thinking and Acting Like Meteorologists Will Help Save the Planet.
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If no meaningful action
is taken to strengthen
the infrastructure,
power outages will
continue as the threat
of severe local storms,
tropical cyclones, flood-
ing, wildfires, winter
storms, and extreme

temperatures continues.
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AMS STATEMENTS

Extreme Cold Temperature Outbreaks:
A Call to Action for Better Preparation

A Best Practice Statement of the American Meteorological Society

(Adopted by the AMS Council on 20 December 2021)

A Call to Action

The cascading impacts brought by the February
2021 Arctic cold outbreak across Texas and much
of the central United States demonstrate how
compound disasters can quickly occur in the
absence of adequate preparation by businesses
(specifically essential services), communities, and
individuals. The extreme cold event highlights
the need for stronger community resilience
should essential services (e.g., water, electricity)
fail for extended periods of time. Prolonged
Arctic outbreaks will occur again and will find
vulnerabilities in critical infrastructure if mitiga-
tion and preparedness efforts are not taken. This
statement focuses on how local governments,
businesses, community organizations, and indi-
viduals can contribute to improved preparedness
and resilience to Arctic outbreaks to minimize
loss of life and damage to property. This state-
ment, however, does not address specific actions
for utilities, which goes beyond the scope.

Motivation

As witnessed during February 2021, the unusually
prolonged and anomalous subfreezing tempera-
tures in Texas led to an unusually widespread
power outage. This power outage resulted in the
loss of potable water supplies as well as increased
scarcity of food and fuel. Entire communities be-
came uninhabitable when homes were damaged
from burst plumbing and shortages of necessities
became widespread. The estimated damage to
homes and lost economic productivity is likely to
exceed $200 billion, according to a report from
the University of Houston’s Hobby School of
Public Affairs (hereafter referred to as the Hobby

Report; see https://uh.edu/hobby/winter2021/).
This easily matches the losses from Hurricane
Harvey (which occurred in 2017). Over 150 Texans
lost their lives in this Arctic outbreak with most of
them succumbing to carbon monoxide poisoning
or hypothermia (Trevizo et al. 2021). According

to the Hobby Report (based on ~1,500 survey
participants representing 213 counties), over 70%
of surveyed Texas residents lost power, 50% suf-
fered a loss of water, and 31% experienced water
damage to their homes. Black, Hispanic, and
Asian residents tended to be more vulnerable to
carbon monoxide poisonings (Trevizo et al. 2021).
Blacks, Hispanics, and Asians also suffered from
the cold as they were less likely to go to a warm
shelter or find alternative means of heating their
homes (Ura and Garnham 2021).

If no meaningful action is taken to strength-
en the infrastructure, power outages will contin-
ue as the threat of severe local storms, tropical
cyclones, flooding, wildfires, winter storms, and
extreme temperatures continues. If the past
trend in the number of major power outages
continues, the United States will experience even
greater hardships both as our dependence on
electricity increases and as a changing climate
exposes us to more power-disrupting storms
(Zamuda et al. 2018). As a result, it is more
important than ever to prioritize actions on the
part of businesses, community organizations,
local governments, and individuals in improv-
ing preparedness and resilience. Community
preparedness and resilience cannot be attained
without all parties involved. Vulnerable popu-
lations, including those with lower income, the
elderly, children, those with preexisting health
conditions, and those with disabilities, must be
protected if a community is to become resilient.


https://uh.edu/hobby/winter2021/

The Arctic outbreak of 2021 motivates
AMS to promote best practices that individuals,
businesses, and community/government leaders
can take to identify vulnerabilities, strengthen
preparedness, and minimize loss of life and
property should essential services fail in future
Arctic outbreaks.

Residents were accessing information from a
variety of sources before and during the Arctic
outbreak. The most widely used source, nearly
50% of residents, was local TV, according to
the Hobby Report. However, they also received
information from local radio and online news
sites. One quarter of residents also received
alerts from local government websites and city-
based text alerts. Neighbors and friends were
reaching about 27% of residents. Social media
and newspapers appeared to be somewhat less
influential but still an important contributor to
the information portfolio of residents.

What the residents did to prepare and
respond to the Arctic outbreak was a mix of ap-
propriate and worrisome actions. Most residents
appropriately purchased extra food and either
purchased extra water bottles or stored tap wa-
ter. Almost half of all residents insulated pipes,

and just over a quarter purchased extra batteries.

However, a significant number of residents took
actions that increased their risk of property
damage and injury. Of those who lost power and
stayed home, a concerning number used heaters
not intended for indoor use: 8% brought in a grill
or smoker, 5% used outdoor propane heaters,
and 26% used their ovens or cooktops.

Local governments were aware of the
vulnerabilities of their residents, and the accurate
forecasts by the Weather Enterprise (see https:/
www.weather.gov/about/weather-enterprise)
days in advance prompted many communities
to mitigate the risks, especially for those with
increased vulnerabilities. They included opening
more warming centers than typical to account for
social distancing requirements and to increase
the number of available beds (e.g., in Fort
Worth). Local governments used citizen academy
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ambassadors such as in Bellaire, Texas, to help
check up on vulnerable residents. City and county
emergency managers were also actively engaged
with National Weather Service briefings.

As the extremely cold air arrived, local
governments used social media, automated
notification systems, and other channels to notify
residents of emergency situations. As an exam-
ple, Fort Worth used their emergency notification
system to disseminate a boil water advisory. Vul-
nerable residents were also proactively checked
upon by local governments if they used the State
of Texas Emergency Assistant Registry (STEAR),
both before and during the Arctic outbreak.
When the water supply was threatened, local
governments distributed water bottles, such as
in Houston, and notified residents to stop the
protective action of dripping their faucets as Nor-
man, Oklahoma, officials did when the municipal
water pressure dropped to concerning levels.

After-action reviews by local governments
and media reports revealed a combination of
successful actions and challenges to overcome.
The Bellaire after-action review found that de-
ficiencies in integrated databases slowed down
incident responses (City of Bellaire 2021). The city
of Fort Worth realized that cold reservoirs facil-
itated water main ruptures; up to 650 ruptures
occurred in the city. In San Antonio, Bellaire, and
possibly others, insufficient training hindered city
council members and staff. None of the initial
reviews revealed plans to anticipate and respond
to potential utility failures based on the forecast.

The first set of best practices below are recom-
mended by AMS for use by local governments,
community organizations, and businesses. The
second set of best practices are recommended
for individuals.

Best practice actions by local governments,
community organizations, and businesses

The February 2021 disaster brought on by the
Arctic outbreak speaks clearly to the need to
anticipate and mitigate the impacts brought
on by the weather hazards as well as the loss

What the residents
did to prepare and
respond to the Arctic
outbreak was a mix
of appropriate and
worrisome actions.
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of essential services in seasonal preparation.

The temperature forecasts were accurate, but
there was an information gap in converting
weather predictions to societal impacts. The best
practices identified here represent actions that
were successful and are recommended for future
winter seasons. To better prepare, local govern-
ments, community organizations, and businesses

should do the following:

Whereas local govern-

ments must focus on
community mindedness,
residents play their part

in making sure they are

as resilient as possi-

ble with mindfulness

toward supporting the
community. J
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Engage with experts. Engage with the
Weather Enterprise in routine exercises and
education to train their staff (including elected
officials for local governments) and volun-
teers. Develop and implement plans from
several days in advance of, to the arrival of the
cold air, regularly adapting their plans to the
latest forecast information from the Weather
Enterprise. Work with the meteorological, cli-
matological, hydrological, social science, and
emergency management personnel, including
both practitioners and researchers, to improve
identification of hazard vulnerabilities and
create plans for mitigation and response.

Anticipate potential impacts to
critical infrastructure. Adjust operations
based on weather forecasts from the Weather
Enterprise. They should utilize the products
from a growing impacts-based forecasting
sector to anticipate impacts and distribute a
more efficient response. Already, forecasts
are available from services provided by the
Weather Enterprise that take the predicted
weather and hydrologic parameters and
convert them to potential impacts to utilities.

Work to improve outreach. Proactively
reach out to residents/customers on ways
to mitigate damage to their homes, such as
frozen plumbing, and reduce the risk of fires
from heaters.

Encourage/incentivize preparedness
activities. Efforts should recognize and
respond to needs of individuals with higher
vulnerability (e.g., people with lower income,
people of color, and those with poor English
comprehension).

¢ Emphasize dangerous actions. Find
ways to inform individuals on how to reduce
the use of dangerous methods to heat homes
through education and incentive programs for
those with limited finances.

e Strive to provide NOAA weather
radios and/or other alerting capabil-
ities. Encourage use and/or incentivize the
purchase of NOAA Weather Radios, other
alerting options such as apps and phone
alerts, and carbon monoxide/smoke detectors
to residents that may not have the means to
acquire and/or install them.

¢ Promote civic participation in disas-
ter planning. Emphasize participation by
disadvantaged neighborhoods in programs
that are similar to STEAR and develop
neighborhood watch groups to check on
vulnerable groups (e.g., isolated, access and
functional needs).

¢ Establish methods for communicating
weather risks internally and external-
ly. Encourage use of multiple sources such as
traditional and social media, websites, utility
bills, etc.

¢ Consider best practices from peers
on improving resilience. An example
organization is the Resilient Cities Network
(https://resilientcitiesnetwork.org/).

¢ Include an after-action review and
planning for the next season. Partici-
pants in the reviews would include feedback
from nongovernmental organizations (NGOs),
neighborhood leaders, and business partners.

Best practice actions by individuals

Whereas local governments must focus on com-
munity mindedness, residents play their part in
making sure they are as resilient as possible with
mindfulness toward supporting the community.
The steps toward greater resilience in extreme
cold include the following:


https://resilientcitiesnetwork.org/

Build an emergency kit. The kit should
be made portable enough to take in case of
evacuation. Kits should include items needed
for basic survival, communication, cash, pet
care, and entertainment. The sites Ready.gov
(https://www.ready.gov/kit), CDC.gov (https:/
www.cdc.gov/disasters/winter/guide

.html), and the American Red Cross (https://
www.redcross.org/get-help/how-to-prepare
-for-emergencies/survival-kit-supplies.html)
provide an excellent list of items to include in
a kit. Make sure to include cold weather pro-
tection in the kit such as emergency blankets,
and keep perishable items fresh, like batteries.

Rely on multiple sources of weath-

er and emergency communication.
Extreme heat and Arctic outbreaks are some
of the most predictable hazards where the
National Weather Service and commercial
weather providers can give multiple days of
lead time. Hazard information can greatly
mitigate damage to property and life when
used properly. The NWS explains their prod-
ucts and suggested actions to take in their
Cold Weather Safety site (https://www
.weather.gov/safety/cold). Residents should
plan to receive more than one form of com-
munication to ensure they can take timely ac-
tion when the potential for communications
breakdowns are at their greatest. Examples
include NOAA Weather Radio, wireless
emergency alerts, and commercial alerts via
phone calls, text messages, or apps. Some
communities provide automatic notification
services to send urgent information that
individuals can sign up for by checking with
local emergency management or government
pages. Last, many communities have check-
in programs, like STEAR, to check on the
more vulnerable residents.
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Install and regularly check smoke and
carbon monoxide detectors. There are
several websites with information on how to
detect and avoid carbon monoxide buildup.
The National Fire Protection Association
(https://www.nfpa.org/Public-Education/Fire
-causes-and-risks/Top-fire-causes/Heating)
has an excellent site for tips on avoiding fires.
FEMA provides tips (https://www.usfa.fema
.gov/prevention/outreach/carbon_monoxide

.html) on detecting and avoiding carbon mon-

oxide. Ready.gov provides more information
on safely weathering power outages (https:/
www.ready.gov/power-outages).

Mitigate plumbing damage. When the
power goes out, water lines in homes may
freeze, resulting in inadequate shelter. There
are tips available on how to mitigate damage
due to frozen plumbing from several sources,
including the American Red Cross (https:/
www.redcross.org/get-help/how-to-prepare
-for-emergencies/types-of-emergencies/win-
ter-storm/frozen-pipes.html) and Consumer
Reports (https://www.consumerreports.org/
home-maintenance-repairs/how-to-keep-
pipes-from-freezing-a2277945570/).

Be community minded. Simply checking
up on neighbors creates a more resilient
neighborhood. When residents plan for
winter weather, they increase the likelihood
of building extra capacity to be able to help
their neighbors with supplies and informa-
tion. The most vulnerable neighbors include
those who live alone, have health issues,
have limited income, lack nearby relatives or

friends, and are people of color. Also, commu-
nities may ask residents to take action to save

energy and water. The degree that residents
work together to conserve limited resources
may determine whether a community can
prevent a wider disaster.

When residents plan for
winter weather, they in-
crease the likelihood of
building extra capacity
to be able to help their
neighbors with supplies
and information.
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Forecasters are also
increasingly responsible
for effectively commu-
nicating forecasts and
anticipated impacts to
end users and stake-
holders in collaboration
with affected sectors.
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Weather Analysis and Forecasting

An Information Statement of the American Meteorological Society

(Adopted by the AMS Council on 20 December 2021)

Introduction

Across the United States, government agencies
(including the military), private industry, and
private citizens consult weather analyses and
forecasts to support decisions ranging from
the routine (e.g., whether to hold an event) to
important and urgent actions to help protect
life and property when threatened by hazard-
ous weather. Weather's impacts are substan-
tial and wide-reaching and occur on multiple
temporal and spatial scales. Examples include
the following:

e 291 billion-dollar weather and climate di-
sasters (e.g., tornadoes, hurricanes, extreme
temperatures, and floods) have occurred in
the United States since 1980, including 22
billion-dollar disasters in 2020 alone. Of these
billion-dollar weather and climate disasters
since 1980, tropical storms and hurricanes
have been the costliest, with losses totaling
nearly $1 trillion.

e Excessive heat is the leading cause of
weather-related fatalities, with recent
peer-reviewed estimates of excess mortality
ranging from 5,600 to 12,000 per year.

e As of March 2021, approximately 70% of air
traffic delays are caused by adverse weather
conditions. The FAA also reports an annual
average of nearly 167,000 total delay hours,
at a cost to airlines between $1,400 and
$4,500 for each delay hour.

e High-impact weather events, including
billion-dollar disasters such as the 2019
California wildfires, August 2020 Midwest
derecho, and 2021 central United States
cold-air outbreak, account for 90% of all
large (>50,000 affected customers) U.S.
power outages.

Motivated by weather’s significant impacts,
this statement discusses who uses weather and
forecast information to make important deci-
sions, describes how weather forecasts are made
and communicated to others, illustrates the types
and overall quality of forecasts that are used to
inform people and become the basis of deci-
sion-making in a range of settings, and provides
insight into how forecast skill and communica-
tion can be further improved to benefit society.

How are weather information
and forecasts used?

Steady improvements in forecast technology and
quality have enabled meteorologists to provide
end users with increasingly precise and skillful
forecasts (each relative to established baselines
for forecasts at a given lead time) tailored to
their needs on which those end users can base
subsequent actions that increase economic
efficiency and productivity and mitigate impacts
from weather hazards. Forecast improvements
include better accuracy at finer spatial scales and
longer lead times (i.e., for deterministic weather
forecasts out to 10 days and for probabilistic pre-
dictions at monthly to seasonal time scales), as
well as probabilistic representations of uncertain-
ty. Specific examples include, but are not limited
to the following:



* Government officials use hurricane forecasts
to inform evacuation decisions, declare states
of emergencies, and spur the public to action
in advance of the expected hazards.

* Power companies use forecasts of high-im-
pact weather events such as severe thun-
derstorms, hurricanes, extreme heat and
wildfires, and freezing rain and blizzards
to deploy equipment and personnel to help
restore power after the associated threats
have subsided.

* Departments of Public Works or Transporta-
tion use forecasts to order supplies such as
salt and de-icer, prepare equipment, and co-
ordinate staffing to prepare for and respond
to winter storms.

* Water management and treatment agencies
use short- to medium-range forecasts to
determine if water should be released from
a reservoir or treated and released from a
water-treatment facility in advance of antici-
pated rainfall.

How are forecasts made
and communicated?

Forecasters are tasked with synthesizing
observations, output from numerical weather
prediction (NWP) models, scientific theory, and
experience-based intuition to arrive at a forecast.
Whether in the public or private sector, these
forecasts are often made collaboratively among
teams of meteorologists that routinely inte-
grate new information as it becomes available.
Forecasters are also increasingly responsible for
effectively communicating forecasts and antici-
pated impacts to end users and stakeholders in
collaboration with affected sectors.

Analyses of weather data

Weather forecasting begins with an analysis

of the current state of the atmosphere, ocean,
and land surface. Reliable observations drawn
from many platforms, including satellites, radar,
weather balloons, surface stations, and aircraft
(both crewed and uncrewed) are crucial for
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generating accurate analyses. Because forecast
quality is partially reliant on the quality of the un-
derlying analysis, scientists continue to develop
techniques to integrate observations into four-di-
mensional model representations of the Earth
system. In addition to their vital role in weather
forecasting, these analyses support scientific
investigations designed to help develop improved
weather prediction tools and techniques.

Forecast techniques
Meteorologists have traditionally used their in-
tuition and available observations to create fore-
casts up to a few hours ahead of time. Thorough
human diagnosis of some complex scenarios, such
as severe-thunderstorm environments, remains
necessary to optimize situational understanding
and to make and communicate high-quality
forecasts. In addition, rapidly updating numerical
models, as well as statistical tools and artificial
intelligence—based models that blend observa-
tions with NWP outputs, are increasingly used to
make short-term forecasts, whether those issued
by official forecast agencies or those available
through popular smartphone applications.
Beyond a few hours ahead of time, NWP has
long been the dominant forecasting tool. Modern
NWP models start from an initial analysis of
meteorological conditions produced through
data assimilation and then apply the physical and
dynamical equations that govern atmospheric
evolution to predict the weather. Such models
are continuously developed and collaboratively
maintained by multiple entities. Despite their
increasing skill and ability to depict progres-
sively smaller-scale phenomena, NWP models
are imperfect. Model shortcomings exist due to
limited observations, imperfect data assimilation
methods, and the approximations required to
represent small-scale physical processes such
as energy exchanges between the surface and
atmosphere as well as phase changes of water.
Approaches such as statistical bias correction,
model blending, ensemble forecasts, and artifi-
cial intelligence/machine learning are increasingly
used to mitigate NWP models’ shortcomings
while improving forecast skill.

Because forecast quality
is partially reliant on
the quality of the under-
lying analysis, scientists
continue to develop
techniques to integrate
observations into four-
dimensional model
representations of the
Earth system.
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Recent advances in
forecast skill and
technology allow for
increasingly reliable,
although still imper-
fect, uncertainty infor-
mation to be provided
to end users.
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Role of humans

Forecasters apply their expertise to create
forecasts by interpreting and adding meaning to
the abundant and complex data and information
drawn from observations and NWP. Humans add
value to the forecast process by utilizing this
expertise and maintaining situational awareness,
which can build trust and deepen valuable rela-
tionships with end users while creating a solid
foundation for the enhanced communication of
predicted weather impacts.

The effective translation of a forecast relies
on three key dimensions: 1) scientific under-
standing and information interpretation; 2) data
access and the skilled use of forecast tools; and
3) an understanding of the needs of the diverse
community of end users reliant upon weath-
er information, developed through ongoing
collaboration between forecasters and end users.
Forecasters must frequently interact with and
gain understanding of stakeholders, end users,
and partners. This enables weather information
to be tailored to user needs and enables users to
be more engaged in the dissemination process.
In addition, forecasters must devote time to com-
pleting training, reviewing best practices, and
engaging local communities to learn how to best
communicate actionable forecast information
underpinning life- and property-saving decisions.

Humans are not necessarily involved with all
forecasts that are disseminated to end users. For
example, many popular smartphone applications
provide users with accessible, often graphically
appealing forecasts drawn from computer-based
weather prediction systems. Furthermore, private-
and public-sector forecast entities increasingly
rely on computer-based weather prediction sys-
tems to develop a baseline forecast that humans
are primarily responsible for disseminating and
communicating rather than making themselves.
Humans' roles in the forecast process are likely
to continue to evolve toward communication as
predictive abilities continue to improve.

Forecast dissemination and communication

As technology improves, methods for dissem-
inating weather information and forecasts
continue to evolve. For example, location-specif-

ic information including hourly forecasts, storm-
based severe weather warnings, and radar data
now can be directly delivered to smartphones
and other smart devices. Forecasters must also
consistently collaborate with end users and
stakeholders to better optimize forecast dissemi-
nation methods and tools.

Forecast products have historically provid-
ed users with the best estimate of what may
potentially happen, such as high temperature
and snowfall amounts. However, because users
often consider the range of possible scenarios
beyond just the most likely outcome when eval-
uating risk, they also require forecast confidence
and uncertainty information to make optimal
decisions to protect life and property. Since each
user's requirements are unique to their specific
operations, optimal decision-making requires
effective and continual communication between
forecasters and users. Recent advances in fore-
cast skill and technology allow for increasingly
reliable, although still imperfect, uncertainty
information to be provided to end users. Further,
collaborative research between physical and
social scientists has recently led to improvements
in communicating forecast uncertainty, although
further research is warranted to identify how
to optimally design and communicate weather
information.

Background

Meteorologists use specific metrics to quantify
forecast quality and reliability. Forecast skill is

a measure of accuracy compared to a baseline
prediction (e.g., persistence, climatology, or
other human standard). The predictability of
potential meteorological events is dictated by an
event's size and timing, with predictability being
higher for larger-scale features (those spanning
hundreds of miles/kilometers or more) at shorter
lead times (less than a few days) and so is based
on the weather phenomenon itself. A skillful
forecast acquires value when it can inform specif-
ic user actions because people can understand it
and use it to make decisions.



Very-short-range forecasts

Very-short-range forecasts, colloquially referred
to as “nowcasts,” are produced for smaller-scale
phenomena such as thunderstorms at lead times
of minutes to hours. Examples include tornado,
severe-thunderstorm, and flash-flood warn-

ings containing actionable information to help
protect life and property (e.g., telling people to
shelter in place, or used by air traffic controllers
to reroute aircraft). Very-short-range forecasts
have become increasingly skillful, reliable, and
actionable in recent years as novel tools such as
artificial intelligence-based models (particularly
in the private sector), NOAA's ProbSevere statis-
tical models, and NOAA's operational High-Res-
olution Rapid Refresh (HRRR) NWP model have
been developed.

Short-range forecasts

Short-range forecasts, such as those of benign
weather conditions for specific locations and
those issued over broader regions for high-im-
pact weather events (including snow and ice,
severe thunderstorms, excessive heat, and
hurricanes), encompass lead times of a few
hours up to two days. Short-range forecasts have
increased in both skill and value in recent years:
specifically, these forecasts are increasingly used
to inform future actions by users ranging from
citizens (e.g., whether to hold a scheduled event)
to government officials (e.g., whether to issue an
evacuation notice for flooding or a hurricane).

Medium-range forecasts

Medium-range forecasts, typically defined as
those at lead times of 2—10 days, continue to im-
prove with discernible subcontinental-scale skill
extending to lead times of 8 days. The chaotic
nature of the atmosphere results in predict-
ability progressively decreasing with lead time,
but improvements in ensemble NWP, machine
learning techniques, data assimilation, and our
understanding of the relationships between
weather conditions and more slowly evolving
climate conditions have led to increased forecast
skill for large-scale weather features. This skill is
often leveraged to facilitate useful probabilistic
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forecasts of potential high-impact weather, such
as the NOAA Weather Prediction Center's Days
3-7 Hazards Outlook.

Subseasonal forecasts

Subseasonal forecasts are typically issued for
meteorological phenomena that cover areas up
to the size of a continent and involve lead times
from 1 to 2 weeks to less than a season. Subsea-
sonal forecasts are generally prepared using nu-
merical weather prediction outputs, knowledge
of shorter-term climate variability such as the
Madden—Julian oscillation and Arctic Oscillation,
and, at longer lead times, long-term trends and
knowledge of longer-term climate variability
such as that associated with El Nifio—Southern
Oscillation. Presently, deterministic forecasts of
specific weather conditions typically have low
accuracy at these lead times. However, proba-
bilistic forecasts issued to highlight significant
trends (e.g., warmer than normal, wetter than
normal, higher likelihood of extreme events) can
be skillful when compared to a baseline forecast.
Subseasonal forecasts have generally become
more skillful in recent years, leading to the
development of new forecast products such as
the ECMWF's Extreme Forecast Index and NOAA
Climate Prediction Center's Week 2 Probabilistic
Hazards and Weeks 3—4 Probabilistic Tempera-
ture and Precipitation Outlooks.

Seasonal forecasts

Seasonal forecasts are typically issued for mete-
orological phenomena that cover areas ranging
from the size of a continent to the entire planet
for multiple months. Seasonal forecasts are gen-
erally prepared using knowledge of longer-term
climate variability such as that associated with
El Niflo—Southern Oscillation, numerical cli-
mate-model outputs, and long-term trends. Skill
in monthly and seasonal forecasts is variable but
generally increasing. Increases in forecast skill at
these lead times can largely be attributed to an
improved understanding of and ability to forecast
major modes of large-scale climate variability
such as El Nifo—Southern Oscillation, the Arctic
Oscillation, and the Madden—Julian oscillation.

Realizing opportunities
to improve forecast skill
begins with continued
fundamental and applied
research to better un-
derstand the physics and
dynamics of high-impact
weather systems.
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The value of weather
forecasts will increase
with continued collabora-
tions between forecast-
ers and users that help
effectively incorporate
information into deci-
sion-making processes.
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Opportunities for future improvement

Realizing opportunities to improve forecast skill
begins with continued fundamental and applied
research to better understand the physics and
dynamics of high-impact weather systems. This
research is likely to result in NWP improvements,
including collecting and assimilating more-nu-
merous, higher-quality observations of the
atmosphere, ocean, and land surface, improved
physical parameterizations and numerical meth-
ods, increased spatial and temporal resolution
facilitated by advances in computing power, and
the increased reliability of ensemble prediction
systems. This research is also likely to result in
advances beyond NWP, including the contin-
ued development and application of machine
learning, artificial intelligence, data mining, and
data visualization techniques to aid forecasters
in preparing accurate forecasts. These activities
will require constructive collaborations between
researchers and forecasters.

The value of weather forecasts will increase
with continued collaborations between forecast-
ers and users that help effectively incorporate
information into decision-making processes.
Using social science to fully connect forecasts
with end users' needs is necessary to achieve
this goal. Opportunities to do so include the
following:

* Developing infrastructure to deliver weather
warnings across multiple media to reach
vulnerable populations.

e Taking insights from studies of how different
public groups perceive risk and uncertainty
and incorporating those insights into forecast
operations and dissemination.

* Continuing to investigate how various user
groups decide whether to take protective
actions when confronted with a potential
weather-related hazard.

Conclusion

Weather forecasts are increasingly skillful and
useful, and their benefits extend widely across
the economy. The forecasting community works
closely with users to ensure that forecast infor-
mation meets their specific needs. This includes
collaborations between physical and social scien-
tists to ensure that accurate and reliable forecast
information is communicated in ways that enable
users to incorporate it in their decision-making
processes. Simultaneously, the forecasting
community is improving existing forecast tools,
developing new forecast techniques, and lever-
aging new and expanding observation networks
to help improve forecast skill. These efforts have
increased, and continue to increase, the value of
forecast information to everyone.

[This statement is considered in force until December 2026 unless superseded
by a new statement issued by the AMS Council before this date.]
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WE CAN CHANGE THAL.

We've all had moments where we've felt we didn't belong. But
for people who moved to this country, that feeling lasts more
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Virtual
Short Courses

2022
March

28 March, 10:00-2:00 ET
Registration deadline: 21
March 2022

2022

February

13th International Conference
on Southern Hemisphere
Meteorology and Oceanography
8-12 February, Christchurch, New
Zealand

Abstract deadline: 31 August 2021
Preregistration deadline: 30 November 2021
Preliminary Announcement: May 2021

Call for papers published: July 2021

May

35th Conference on Hurricanes

and Tropical Meteorology

9-13 May, New Orleans, Louisana

Session topic proposal deadline: 26 May
2021

Abstract deadline: 10 January 2022

Preregistration deadline: 10 April 2022

Supplementary info deadline: 13 June 2022

Call for papers published: August 2021

June

23rd Conference on
Atmospheric and Oceanic Fluid
Dynamics

13-17 June, Breckenridge, Colorado
Abstract deadline: 7 March 2022
Preregistration deadline: 9 May 2022
Supplementary info deadline: 13 July 2022
Call for Papers published: Nov 2021

49th Conference on Broadcast
Meteorology

14-17 June, Milwaukee, Wisconsin
Abstract deadline: 15 February 2022
Preregistration deadline: 10 May 2022

Supplementary info deadline: 14 July 2022
Call for papers published: TBD

Sixth Conference on Weather
Warnings and Communication
14-17 June, Milwaukee, Wisconsin
Abstract deadline: 15 February 2022
Preregistration deadline: 10 May 2022
Supplementary info deadline: 14 July 2022
Call for papers published: TBD

20th Conference on Mountain
Meteorology
27 June—1 July, Park City, Utah

Abstract deadline: 14 February 2022
Preregistration deadline: 30 May 2022
Supplementary info deadline: 14 Aug. 2022
Call for papers published: October 2021

July

24th Symposium on Boundary
Layers and Turbulence
1115 July, Sibenik, Croatia

Session topic proposal deadline: 6 Dec. 2022
Abstract deadline: 1 February 2023
Preregistration deadline: 1 May 2022
Supplementary info deadline: 13 Aug. 2022
Call for papers published: TBD

Complete information about these events can be found on the meetings & events page of the AMS website:

To list an event in the calendar, please submit the event name, dates, location, and deadlines for abstracts, manuscripts,
at least two months prior to the month of first publication.

and preregistration to
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August

22nd Conference on Satellite
Meteorology

8-12 August, Madison, Wisconsin

Session topic proposal deadline: 15 Oct. 2021
New Abstract deadline: 14 April 2022
Preregistration deadline: 1 July 2022
Supplementary info deadline: 12 Sept. 2022
Call for papers published: TBD

17th Conference on Polar
Meteorology and Oceanography
8-12 August, Madison, Wisconsin

Session topic proposal deadline: 15 Oct. 2021
New Abstract deadline: 14 April 2022
Preregistration deadline: 1 July 2022
Supplementary info deadline: 12 Sept. 2022
Call for papers published: TBD

16th Conference on Cloud
Physics

8-12 August, Madison, Wisconsin

Session topic proposal deadline: 15 Oct. 2021
New Abstract deadline: 14 April 2022
Preregistration deadline: 1 July 2022
Supplementary info deadline: 12 Sept. 2022
Call for papers published: TBD

16th Conference on Atmospheric
Radiation

8-12 August, Madison, Wisconsin

Session topic proposal deadline: 15 Oct. 2021
New Abstract deadline: 14 April 2022
Preregistration deadline: 1 July 2022
Supplementary info deadline: 12 Sept. 2022
Call for papers published: TBD
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October

30th Conference on Severe Local
Storms

24-28 October, Santa Fe, New Mexico
New abstract deadline: 15 June 2022

New preregistration deadline: 15 Sept. 2022
Call for papers published: October 2021
Supplementary info deadline: 24 Nov. 2022

2023

January

103rd AMS Annual Meeting
8—12 January, Denver, Colorado
Session topic proposal deadline: TBD
Abstract deadline: TBD
Preregistration deadline: TBD
Supplementary info deadline: TBD
Call for papers published: TBD

August

40th Conference on Radar
Meteorology

27 August—1 September, Minneapolis,
Minnesota

Session topic proposal deadline: TBD
Abstract deadline: TBD
Preregistration deadline: TBD
Supplementary info deadline: TBD
Call for papers published: TBD

Meetings of Interest

2022

February

2022 BPS Annual
Meeting

19-23 February, San Francisco,
California

June

Frontiers in Hydrology
Meeting

19-14 June, San Juan,
Puerto Rico

July

44th COSPAR Scientific
Assembly and Associated
Events

16-24 July, Athens, Greece
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OUTLOOKS]

"My next steps are to refine our criteria for identifying
internal waves from in situ measurements and explore
the longer-term variability of internal wave properties.
Currently, I'm digging into other existing datasets that
may aid in this pursuit and planning fieldwork to collect
complimentary data.”

— Jaqueline M. McSweeney, Oregon State University

PAGE 117

Indian Ocean Features
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“Next up for me is to support the future of Indian
Ocean observing, research, and services in any way
| can by listening, consulting, and collaborating better
with colleagues from Indian Ocean rim nations."

— Lisa Beal, University of Miami
pAGE 108
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Jack McSweeney and Jim
Lerczak aboard the R/V
Sally Ride on Halloween
2017 during the inner-shelf
dynamics experiment (ISDE),
dressed as acoustic Doppler
current profilers (ADCPs).
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Let's get them back together again, safely.
Get the latest facts on protecting them from
COVID-19 and dangerous new variants.

GetVaccineAnswers.org

American Academy
of Pediatrics

e

DEDICATED TO THE HEALTH OF ALL CHILDREN
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AMS DataStreme Program

Advance your teaching skills and become
a leader in Earth science education.

Learn weather, ocean, or climate fundamentals
through online courses emphasizing the study
of Earth system science as it happens.

More than 22,000 teachers across the United States have energized
their classes with information and techniques learned through the
AMS DataStreme courses. They become science leaders in their own
schools and communities, educating their teacher colleagues, and
ultimately reaching millions of students nationwide.
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Atmosphere Ocean Earth’s Climate System

Learn more and apply at N
ametsoc.org/datastreme AMSV


https://www.ametsoc.org/datastreme
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AMS@ Community

A member benefit from(the AMS

|
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000
recognition for
the contributions
. . you make to the
with colleagues using Community

the comprehensive
Member Directory.

in focused and
dedicated discussions
relevant to you.

AMS&@ Community

AMS Community is our online platform that will revolutionize the way you
communicate, connect, and interact with your fellow Society members!
We can’t wait to have you join the conversation!

Activate your account with your existing AMS credentials today at:

community.ametsoc.org

Questions? Please contact amscommunity@ametsoc.org.
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