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Foreword

This 2nd edition of Climate Change and Global Public Health provides a wealth of
new and updated information about the impact of climate change on our planet, our
communities, and our health. Since the st edition 5 years ago, the scientific under-
standing of climate change has progressed substantially. Unfortunately, so have the
impacts. Climate change is rapidly becoming one of the most significant public
health crises in human history. We face an increasingly urgent problem that could
claim a quarter million lives annually by 2030 without concerted global action to
rapidly cut greenhouse gas emissions.

As detailed in the most recent [IPCC report, the buildup of climate forcing gases
in the atmosphere is accelerating. Seventeen of the 18 hottest years on record have
occurred since 2000. The visible impacts of climate change are increasingly appar-
ent across the planet in the form of heatwaves, drought, catastrophic wildfires, rising
seas, and destructive hurricanes. These increasingly frequent extreme weather
events present acute public heath challenges. At the same time, climate change is
exacerbating the deadly effects of air pollution, especially among vulnerable popu-
lations like children and the elderly.

The last few years have been a mixed bag in terms of our collective response to
the climate crisis. President Obama established the USA as a global leader on cli-
mate action by setting an ambitious national carbon reduction target and put in place
a range of strategies to cut emissions from the energy, transportation, oil and gas,
and agriculture sectors. In 2016, nearly 200 countries signed onto the Paris Accord
pledging to undertake ambitious action to begin driving down emissions in line with
scientifically determined levels.

Unfortunately, much of this progress has slowed or altogether halted since the
election of President Trump. The Trump Administration has waged an all-out assault
on climate science and is actively working to undermine efforts to cut greenhouse
gas emissions despite the overwhelming economic and scientific rationale to do so.
In the absence of US leadership, a number of major global actors have also wavered
in their commitments.

However, despite the Trump Administration’s failure to take action, a growing
number of states across the country are moving ahead. For example, the United
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States Climate Alliance, a bipartisan coalition of states that represent more than half
of the US population and a combined economy that is the third largest in the world,
are working across a range of sectors to cut greenhouse gas emissions in line with
the Paris Accord.

As we wait for renewed political leadership at the federal level, California con-
tinues to stand out as a leader in demonstrating ways to tackle climate change and
grow our economy. Over the past decade, California’s economic growth has out-
paced the national average while at the same time cutting greenhouse gas emissions
ahead of schedule. The Golden State is proof that smart climate policy is also smart
economic policy.

This book presents a sobering assessment of the impact that climate change is
already having on public health. By effectively making this connection, it provides
a strong tool that we can use to mobilize action across the planet to take on this
challenge.

Sacramento, CA, USA Mary D. Nichols
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Chapter 1
Introduction: Consequences of Global
Warming to Planetary and Human Health

Check for
updates

William N. Rom and Kent E. Pinkerton

Introduction to Greenhouse Gases and Temperature

Greenhouse gases (e.g., carbon dioxide [CO,], methane, hydrofluorocarbons,
nitrous oxide, and ozone) reflect infrared radiation back to the earth’s surface caus-
ing a warming effect ([1-6]; Fig. 1.1). Global warming has a major effect on cli-
mate, meteorological patterns measured over long periods of time (e.g., months,
years, millennia, or mega-anna), which can be differentiated from weather and
atmospheric conditions measured over short terms (e.g., hours or days).

Measurements of climate changes began more than a half century ago with the
International Geophysical Year (1958), when CO, was measured atop Mauna Loa in
Hawaii [6]. At that time, CO, measurements were 316 ppm. However, annual aver-
ages have continually increased such that CO, levels reached 414 ppm in 2019
(Fig. 1.2). In March 2019, the annual increase was 2.72 ppm, a notable acceleration,
since the original increases hovered between 0.5 and 1 ppm per year.

Currently, CO, is the major greenhouse gas, representing about 85% of the green-
house gases and causing about 0.75 watts/m? imbalance in global heating [7]. In the
recent fourth National Climate Assessment, global warming was emphatically shown
to be anthropogenically derived and to bear no relation to solar sunspots or volcanic
eruptions [3]. Anthropogenic sources of fossil fuels’ use for 80% of energy use (elec-
tricity generation, burning oil and natural gas for transportation, cooking, and heat-
ing), and converting forest lands for agriculture have substantially increased CO,
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Global Surface Temperature Relative to 1880-1920 Mean
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Fig. 1.1 Global Surface Temperature Relative to 1880-1920 Mean. Global surface temperature in
2018 was the fourth highest in the period of instrumental measurements in the Goddard Institute
for Space Studies (GISS) analysis. The 2018 global temperature was +1.1 °C (~2 °F) warmer than
in the 1880-01920 base period pre-industrial temperature. The four warmest years in the GISS
record all occur in the past 4 years, and the 10 warmest years are all in the twenty-first century.
Hansen J, Sato M, Ruedy R, Schmidt GA, and Lo K. Global temperature in 2018 and Beyond, 6
February 2019 (with permission)

Atmospheric CO2 at Mauna Loa Observatory
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Fig. 1.2 CO, concentration (414.94 ppm May 1, 2019) on Mauna Loa, Hawaii. Reprinted with
permission from The Scripps Institution of Oceanography
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emissions since World War II. Only over the past 50 years have anthropogenic sources
been prodigious enough to actually exceed natural CO, sinks (oceans and land, where
it is used by plants in metabolism) and increase the global mean surface recordings of
greenhouse gases and temperature. Given that the primary sources of CO, are the
carbon fossil-fuel energy sources, which have been the basis of our modern lifestyle,
curtailing these sources is inherently political and social; however, accomplishing a
radical restructuring to a “green” or decarbonized lifestyle is essential.

Although economists optimistically suggest this can be accomplished with 1%
of global gross world product, expenditures, such as in the Stern Report, green
global infrastructure investments will need to be $1 trillion annually [2]. The mar-
ketplace has been slow to respond because of global subsidies to the fossil fuel
industry totaling ~$500 billion/year, and the industry’s support of politicians who
are climate deniers. In the case of CO,, the gas is long-lived, with 33% emitted per
year remaining at 100 years and 19% at 1000 years, resulting in greater and greater
cumulative emissions ([7]; Fig. 1.3). Therefore, as global CO, pollution emissions
continue to exceed 36 gigatons annually, the consequences will take decades to
centuries to reverse and return to levels <350 ppm, a level considered to keep the
increase in mean surface temperature < 1.5 °C and avoid the worse consequences of
climate change [8]. Measurements of CO, captured in air bubbles in the Antarctic
ice show levels ~280 ppm going as far back as 800,000 years [9]. In this Introduction,
we discuss the greenhouse gases’ impacts on climate with consequences for
planetary and human health. Computer models create predictions for the future, but

Decay of Fossil Fuel CO2 Emission
100 1 1 1 1 1

Remaining Fraction (%)

Remaining Airborne
20| 33% at 100 years
19% at 1000 years

0 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100
Year

Fig. 1.3 Decay of fossil fuel CO, emissions. The fraction of CO, remaining in the air, after emis-
sion by fossil fuel burning, declines rapidly at first, but 1/3 remains in the air after a century and
1/5 after a millennium (Atmos Chem Phys 2007; 7: 2287-2312)
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since there is little precedent for global warming at the rate and magnitude pro-
jected, there are uncertainties that only more observational data will resolve [10].

To add to this, there are other greenhouse gases (e.g., methane, hydrofluorocar-
bons, black carbon, nitrous oxide, ozone) that may have even greater radiative forc-
ing than CO, [11-14]. The radiative forcing (heat-trapping ability) of methane, for
example, is approximately 25 times greater than that of CO, over 100 years and 85
times greater over 20 years due to its comparatively shorter atmospheric lifespan
compared to CO, [1-3]. Methane is emitted from fossil fuel and bovid livestock
operations. Oil and natural gas production, processing, pipeline leaks, and storage
are commonly associated with methane emissions, as are landfills and coal mines —
methane from these latter two sources can be captured for natural gas generation of
electricity. A rather exotic class of releases originates from the gastrointestinal tracts
and manure of cattle, sheep, and goats and, interestingly, these releases can be miti-
gated with feed changes. From 1980 to 2018, methane measurements in the Earth’s
atmosphere increased from 1630 to 1860 ppb [14]. Because there is significant car-
bon in the frozen permafrost, thawing due to climate change could release stored
methane and CO, that could further accelerate global warming trends [12].
Quantifying this risk is challenging [13].

Synthetic chemicals, including perfluorocarbons, hydrofluorocarbons (HFCs),
and sulfur hexafluoride from fire extinguishers, refrigerants, and foam blowers have
half-lives of 14 years (compared to >100 years for chlorofluorocarbons), and more
than 2000-fold greater radiative forcing than CO, [14]. These chemicals have been
synthesized to replace the chlorofluorocarbons (CFCs) that endanger the ozone
layer in the stratosphere in the extreme cold of the Antarctic winter. CFCs have
destroyed enough of the stratospheric ozone layer >50 kilometers above the surface
of the Earth to result in a seasonal ozone hole over the entire continent of Antarctica
during its extreme cold winter, when ice crystals can form. The stratospheric ozone
layer filters out harmful ultraviolet light that causes skin cancer. Through the 1987
Montreal Protocol, 197 countries in the United Nations came together to ban CFCs
and substitute hydrofluorocarbons (HFCs), which would not destroy ozone [15].
Unfortunately, HFCs are also greenhouse gases. HFC substitutes, such as isobutane
and hydrofluoroolefins, retain the ability to be potent refrigerants, but are not cli-
mate forcing nor do they destroy ozone. The Kigali Agreement of 2016 amends the
Montreal Protocol to move toward these substitutes by mid-century. This is espe-
cially important to equatorial countries that will need air conditioning to cool houses
and apartments, as climate change increases ambient temperatures. Nitrous oxide,
primarily from fertilizers and secondarily from coal- and gas-fired power plants,
nylon production, and vehicle emissions, can contribute to radiative forcing, but is
less potent. SO, aerosols and organic carbon can provide a small cooling effect, and
black carbon from diesel emissions and biomass burning contribute to global warm-
ing [16, 17]. The latter lasts days to weeks providing an opportunity to mitigate
warming trends by reducing emission of these small particles. SO, aerosols have
been declining as fossil fuel plants have controlled this pollutant. Black carbon has
been reduced by mandating clean diesel engines for new trucks, although biomass
burning for cookstoves remains a formidable challenge. More than 3 billion women
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and children are exposed to wood, charcoal, and dung during cooking without
proper ventilation, and mortality from respiratory diseases reaches three million
annually. Clean cookstoves that burn concentrated wood pellets or solar pressure
cookers may pave the way toward 100 million clean cookstoves in the near future.
Ozone that forms on the Earth’s surface (troposphere) from emissions of NO,, vola-
tile organic compounds, and catalyzed by sunlight is a surface pollutant and a green-
house gas. Lastly, global warming increases evaporation, increasing water vapor
and clouds, but the role of clouds role in causing or mitigating climate change is still
poorly understood.

The primary and immediate consequence of greenhouse gas increase in the tro-
posphere is rising global surface temperature ([1-3], Fig. 1.1). The National Oceanic
and Atmospheric Administration (NOAA) within the United States Department of
Commerce collates data on climate at its National Climatic Data Center in Asheville,
NC. They have ~25,000 temperature stations around the world that, at present,
cumulatively make >1.6 billion daily observations. Data from the World
Meteorological Society show annual surface temperatures from 1861 deviate in a
positive direction beginning in 1970-1980 and persist and increase from the norm
until the present. Data collected from tree rings, corals, ice cores, and historical
records corroborate the thermometer recordings. Temperature time series collected
from NASA’s Goddard Institute for Space Studies and United Kingdom’s land
series at the University of East Anglia show the same trends. Combining global land
and ocean measurements, the trend is increasing to 0.215 °C/current decade with an
increase of 1.1 °C warming over baseline calculated in 2019 ([1-3], Fig. 1.1). Since
2000, 17 of the 18 warmest years on record have occurred. Global warming is not
spatially uniform and greater trends are seen in the Northern Hemisphere and in
high Arctic latitudes, where the surface temperature increase is 2.5 °C.

The Intergovernmental Panel on Climate Change (IPCC) in its Fifth Assessment
Report declared, “Warming of the climate system is unequivocal, and since the
1950s, many of the observed changes are unprecedented over decades to millennia
[1].°They also recently reported that we have only 12 years (until 2030) to decar-
bonize our economy (by half) and halt current global warming trends before tem-
peratures reach 1.5 °C (1 °C is 1.8 °F) above pre-industrial levels [2]. The report
contends that warming beyond thel.5 °C threshold, which is expected around 2035,
could expose tens of millions within the global population to life-threatening heat
waves, water shortages, and coastal flooding. “At present, the atmosphere and ocean
have warmed, the amounts of snow and ice have diminished, and sea level has risen.
Human influence on the climate system is clear, and recent anthropogenic emissions
of greenhouse gases are the highest in history. Recent climate changes have had
widespread impacts on human and natural systems. Anthropogenic greenhouse gas
emissions have increased since the pre-industrial era, driven largely by economic
and population growth, and are now higher than ever. This has led to atmospheric
concentrations of carbon dioxide, methane and nitrous oxide that are unprecedented
in at least the last 800,000 years. Their effects, together with those of other anthro-
pogenic drivers, have been detected throughout the climate system and are extremely
likely to have been the dominant cause of the observed warming since the
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mid-twentieth century. Continued emission of greenhouse gases will cause further
warming and long-lasting changes in all components of the climate system, increas-
ing the likelihood of severe, pervasive and irreversible impacts for people and eco-
systems. Limiting climate change would require substantial and sustained reductions
in greenhouse gas emissions which, together with adaptation, can limit climate
change risks. Surface temperature is projected to rise over the twenty-first century
under all assessed emission scenarios. It is very likely that heat waves will occur
more often and last longer, and that extreme precipitation events will become more
intense and frequent in many regions. The ocean will continue to warm and acidify,
and global mean sea level will continue to rise [2].”

Climate change has been called the leading public health priority for the twenty-
first century [4, 5]. The rise in surface temperature has led to an increase in heat
waves, with 157 million more people exposed to such events in 2017. During that
time, labor capacity was saddled, with 153 billion hours of labor lost due to heat;
vector-borne diseases increased as vector capacity for transmission increased almost
10%; and agricultural yield potential declined in more than 30 food producing
countries [5]. Trends in climate change impacts suggest an unacceptably high risk
for populations across the globe. The lack of progress in reducing emissions and
building adaptive capacity means that the solutions to climate change will be more
expensive, and accompanied by increased mortality.

Consequences of Climate Change on the Biosphere

Loss of Arctic Ice

Warming will significantly reduce the ice in the Arctic Ocean, where there is cur-
rently a 13% decrease in Arctic sea ice per decade, and a new autumnal minimum
of 4.59 million square kilometers compared to seven million square kilometers in
1979, the first year that satellite measurements were available [18]. There is a fur-
ther decline in the average multi-year ice (2.54 million square kilometers to 0.13
million square kilometers) to <5% over the past 32 years [18]. As more ice melts,
more of the ocean is exposed to the 24-hour summer sun, decreasing its albedo or
ability to reflect sunlight. Bright white ice reflects incoming sunlight, but dark ocean
water absorbs it, heating the ocean and accelerating warming. As a result, the Arctic
has been warming twice as fast as the rest of the globe, with temperatures in 2018,
in latitudes above 60 degrees north, at 2.5 °C above the 1981-2010 average. Changes
in sea ice influence ocean currents and the jet stream in ways that can affect weather
in lower latitudes, including the United States. To personally visit the changing
Arctic, I journeyed with the Thule Inuit by dogsled to witness the melting and reced-
ing glaciers (Fig. 1.4). When I found the Inuit hunter, Ikuo Oshima in Siorapaluk,
the furthest north village occupied by the Thule Inuit in Greenland, he lamented the
late freezing and early break-up of the sea ice. He was the only Inuit hunter that I
encountered who spoke English. He told me that the sea ice would melt earlier in
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Fig. 1.4 Calving and Collapse of the Tracy Glacier in Inglefield Gulf in Northwest Greenland.
(Photo by dogsled with Thule Inuit by William N. Rom M.D., MPH)

the spring, moving from the traditional August to as early as May, making the late
winter ice slushier and more dangerous to collapse under the sled. The ice-forming
moved from October to December which made it difficult to hunt in the late fall
because complete darkness had descended. These seasonal variations made it diffi-
cult for the Inuit people to compile sufficient meat to maintain their culture as
hunters.

Resulting changes in the Arctic regions include warming that could melt perma-
frost, perennially frozen ground, sequestering CO, and methane gas [19]. Permafrost
is mostly discontinuous, underlying 24% of the terrestrial Northern Hemisphere and
80% of Alaska. However, much of the known permafrost region is in disequilibrium
with the current climate. Though melting of the permafrost could allow peat and
attendant water to increase the number of plants taking up carbon, models predict a
far greater release of carbon over time as frozen regions thaw and facilitate the
microbial decomposition and conversion of organic carbon in soil to greenhouse
gases (CO, and methane). Melting permafrost also disrupts forests and man-made
structures including buildings, pipelines, roads, and other infrastructure.

Loss of Antarctic Ice

In Antarctica, there has been loss of ice shelves, such as the Larsen B in 2002 ([20];
Fig. 1.5). Western Antarctic regions, especially the Bellingshausen and Amundsen
sea shelves, are at risk for increased melt from higher basal oceanic warming; if
these ice shelves melt and their attendant glaciers including the Thwaites and Pine
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Collapse of the Larson B Ice Shelf. Antarctica

January 31, 2002

Fig. 1.5 Breakup of Larsen B Ice Shelf on Antarctic Peninsula January — March 2002 Provided by
the National Snow and Ice Data Center

Island Glaciers advance, sea level would rise by >4.8 meters [21, 22]. Winters with
extensive sea ice enhance Krill abundance, so loss or reduction of the size of
Antarctic ice shelves adversely affects the population of krill that are the basis of
Antarctic biodiversity. Fish species that depend on krill and other crustaceans are
the primary prey of Emperor penguins. The Adelie and Emperor penguins in
Antarctica and the huge population of King penguins on South Georgia and other
Antarctic islands are at risk because of potential declines in krill [23].

Loss of Glaciers

Glaciers are in retreat across the globe with Glacier National Park in Montana pre-
dicted to be glacier-free by mid-century [3]. Temperate glaciers near the equator are
at immediate risk of complete loss. Importantly, glaciers on Kilimanjaro have
declined from 12.5 to ~1.0 square kilometers from 1912 to 2017 (Fig. 1.6), and have
lost a half-meter in height every year since 2000 [1]. The Kilimanjaro Northern Ice
Field has been present for 11,700 years, and is expected to disappear in 15 years [1].
In Latin American cities, such as Lima, Peru, and La Paz, Bolivia, glaciers are the
source of drinking water and hydropower, creating a potential cause for concern
about future glacial demise. The seven great rivers arising out of the Himalayas and
KunLun Ranges from glacial melt serve nearly 40% of the world’s population.
Increased glacial melting also produces lakes at the termini of their moraines;
increased melt water can rupture these enlarging lakes and flood downstream com-
munities. The Wrangell-St. Elias-Kluane-Alsek-Tatshenshini World Heritage Park
is 85% covered by ice [24]. Figure 1.7 illustrates the diminution of the Alsek Glacier
over the past century [24]. Photographs taken by the 1906 US-Canada Border
Survey crew showed the Alsek Glacier towering over the river. By 2016 the Alsek
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KILIMANJARO SUMMIT
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Fig. 1.6 Uhuru Point, Kilimanjaro Summit William N. Rom M.D., MPH in 1970 (left) and
Daughter Nicole in 1999 (right). Notice disappearance of Kilimanjaro ice fields over 29 years

Glacier emptied into a large, iceberg-laden Alsek Lake with the glacier in full-scale
retreat miles in the background. Neil Hartling, a Yukon rafting leader, was able to
rescue these old photographs (Fig. 1.7) from the Canadian government and identify
the locale of each photograph to compile this history [24].

Risks to Forests

The boreal and mountain forests are at risk due to climate change. The mountain
pine bark beetle, lethal to spruce and pine trees, is normally killed by extreme cold
20 to 40 °F below zero [3]. With global warming, the mountain pine bark beetle is
thriving, putting extensive forests in the sub-Arctic and US Rocky Mountain West
at risk. Bark beetles and spruce budworms in Alaska’s Kenai Peninsula have killed
spruce across 1.2 million acres, nearly half of the peninsula’s forest. An outbreak
has consumed more than half of the merchantable pine in British Columbia with the
outbreak spreading north and east into Alberta and higher altitudes. The mountain
pine beetle has killed 85,000 square miles of ponderosa lodgepole pine trees in the
western United States and 65,000 square miles of forest in British Columbia [3].
Unfortunately, there is evidence that it has spread to jack pine, which is a common
species throughout the boreal forest. Complicating the mountain beetle infestation
is the more rapid melting of the winter snowpack and drying of the climate leading
to water-challenged forests, which leave root structures of such species as aspens
unable to support the forest [3]. These forests are tinderboxes that serve to enable
the forest fires becoming increasingly common in the western United States.
Deforestation, usually to make way for agriculture, has been under way for decades,
with Brazil and Indonesia being hotspots. The burning of tropical forests not only
ends their ability to absorb carbon, but also produces an immediate flow of carbon
back to the atmosphere, making it one of the leading sources of greenhouse gas
emissions [1]. The world’s forests cover 10 billion acres and absorb one-quarter of
human emissions of CO,. Deforestation of the Amazon is proceeding at a pace of
6000-7000 square kilometers per year (down from a peak of 29,000 km? in 1995)
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Fig. 1.7 Alsek Glacier, Yukon. In 1906, the Canadian-American Border Survey took this photo-
graph of the Alsek Glacier reaching the shore of the Alsek River on the Alaska-Yukon international
border. These photographs were about to be discarded when Neil Hartling of Canadian River
Expeditions serendipitously contacted the Canadian Boundary Commission about photographs
that might illustrate glacier disappearance due to global warming. Below is a photograph from the
same place where there is now Alsek Lake with the glacier retreating over 6 miles (second photo-
graph by William N. Rom M.D., MPH on rafting expedition with Neil Hartling in 2016
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due to roads, hydroelectric plants, forest burning, and soybean farming [1]. However,
from July 2017 to August 2018, deforestation in the Amazon increased 13.7%, and
more than 2300 illegal gold artisanal mining operations were observed. Second-
growth forest may be able to keep pace with CO, absorption, but this needs study.
Species may likely change as global warming proceeds, with southern species
extending their range northward. In this regard, the sugar maple of Vermont may be
at risk for replacement by oak, hickory, or pine; already maple sap is running up to
2 weeks earlier and at reduced amounts compared to previous years.

Mean Sea-Level Rise

The gradual rise of the sea level is of concern for low-lying nations and small island
states such as the Maldives in the Indian Ocean, and Kiribati, Tuvalu, Fiji, Cook
Islands, and Marshall Islands in the Pacific [1, 2]. The sea-level rise is based on two
mechanisms: first, global warming exerts a steric force by thermal expansion of the
volume of water ; second, increased mass of water (eustatic sea-level rise) from
melting of glaciers, especially polar glaciers in Greenland and Antarctica. Both tide
gauge sea-level reconstructions and satellite altimetry show that the current rate of
global mean sea-level change is about 3 mm year, and the rate is accelerating [1, 2].
Usually, this change in the rate of sea-level rise is modeled as quadratic, but other
functions (e.g., an exponential) may be equally valid; extrapolation of the quadratic
fit to the altimeter record to 2100 finds 65 + 12 cm of sea-level rise by 2100 relative
to 2005, suggesting also that the rate of sea-level rise in 2100 could be ~10 mm per
year [1-5]. The most likely glacial melting scenarios estimated a range of sea-level
rise of 0.8 to 2.0 meters by 2100 [1, 2]. The Fourth National Climate Assessment
found that relative sea-level rise along almost all US coastlines would make dam-
aged coastal infrastructure more common during high tides nationwide [3]. Projected
sea-level rise could reach 6 feet by 2100 and, under extreme conditions, as high as
8 feet along the upper Atlantic and western Gulf Coasts. Economic losses would be
severe for cities such as Miami, but these losses would affect the entire national
economy. Paleoclimate observations have found sea shells >30 feet higher than cur-
rent sea levels, when past temperatures were 2 °C higher than present suggesting the
possibility that much more sea-level rise could occur.

Bleaching of Coral Reefs

Coral reef ecosystems reflect symbiotic relationships between various coral species
and algae, for example, crustose coralline algae, the latter of which impart red-pink
color to the reefs. Marine algae are known as dinoflagellates and use irradiance for
photosynthesis. In return for shelter and access to sunlight provided by the reefs,
these algal zooxanthellae supply coral reefs with essential nutrients, especially
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carbon, produced by photosynthesis. However, coral reefs are sensitive to several of
the factors associated with global warming (i.e., increased oceanic CO,, tempera-
ture, and acidification, 25-29).

The oceans serve as sinks for CO, with >30% of CO, emitted to the atmosphere
by human activities taken up by the ocean; the resultant carbonic acid has lowered
the pH from 8.16 to 8.05 over the past two decades [28]. Among other things, acidi-
fication prevents calcium carbonate accretion by reef corals and disrupts the outer
shell of Pteropods, tiny sea butterflies eaten by a variety of marine species, ranging
from tiny krill to salmon to whales, setting the stage for wide-ranging ecological
consequences. Oceans also serve as sinks for absorbing increased heat, perhaps
85% of the storage capacity of the Earth. Indeed, the North Atlantic has warmed
0.51 °C, with 3—4 °C warming in the fisheries near Maine and the Canadian Maritime
provinces causing temperature sensitive cod species in their fisheries to move north-
ward from Maine as the surrounding waters warmed over the past decade [30].

Increases in oceanic CO,, acidification, and temperature cause coral reefs to
starve, die, and turn white, a process known as coral bleaching ([28-29]; Fig. 1.8).
Coral reef bleaching is occurring worldwide; although local pollution is another
contributing factor, most experts attribute this to global warming from increased
temperature and acidity of the oceans [25]. Experimental aquae on the Great Barrier
Reef in Australia with several CO, and warming scenarios show striking bleaching
up to 50% after 8 weeks of exposure to CO, 520—1300 ppm [29]. Bleached corals
are physiologically damaged and nutritionally compromised, and they can die if the
bleaching is severe and recovery time of their symbionts is prolonged [26]. Bleaching
and ocean acidification result in loss of reef structure, leading to lower fishery yields
and loss of coastal protection and habitat, with impacts on tourism and food secu-
rity. Coral reefs are critical to biodiversity of the ocean, for example, there are up to
800 types of coral, and 4000 fish species live and propagate on coral reefs. About
one-fourth of salt water fish spend some of their life cycle on coral reefs. Seaside

Fig. 1.8 Coral reef at risk of warm ocean water bleaching. Photograph by Zack Rago of “Chasing
Coral” at the Great Barrier Reef, Australia, where half of the reef has not recovered from serial
bleaching events and has perished
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communities in developing countries depend on coral fish populations for food, and
as the coral reefs bleach and disappear, the health and survival of these people are at
risk. Globally, 17% of our food derives from coral reefs, and this increases to 50%
in Ghana, Sierra Leone, Bangladesh, and the Maldives, with significant contribu-
tions in the Philippines and Indonesia.

During the marine heat wave of 2016, the northern third of the Great Barrier Reef
and much of the middle third were extensively bleached; 29% of the 3863 reefs had
a catastrophic die-off of fast-growing staghorn and tabular corals [26]. Acidification
was an additional effect, and any potential adaptation and acclimatization by coral
reef organisms to thermal stress may be offset or overridden by CO, effects. Recent
observations show that there is ecological memory for coral bleaching since there
were more temperature-resistant corals found on the Great Barrier Reef following
the 2017 versus 2016 warming bleaching episode consistent with selection of a
more temperature resistant species [27].

Threat to Biodiversity

Biodiversity is threatened by global warming, and habitat loss and degradation
threaten ~25% of mammalian species and ~ 13% of bird species with extinction
[30]. There is a mismatch between the thermal preferences of many species and the
new climate that they are experiencing in their present geographic distribution.
Pika, a small mammal in the rabbit family, living in the high altitude of the Colorado
Rockies, moves to higher altitudes as the climate warms. Migrating birds need to
adapt to changes in flowering plants and insect arrival in northern latitudes. Japanese
cherry blossoms flower 2 weeks earlier. Sardines disappear in the warming waters
off the Galapagos Islands causing sea lions and blue-footed boobies to change their
fish diets. Declines in algae cause marine iguanas to become smaller as they adapt
to less food. Giant daisy trees, known as Scalesia, are flattened by EI Nifio storms,
and invasive blackberry bushes predominate in the recovery [31].

Habitat loss affects over half of the Planet Earth due to human habitation and
agriculture. Less than 4% of oceans and 15% of land are formally protected. Polar
bears (n =25,000) are a ‘threatened’ species due to loss of sea ice, because it is more
difficult to hunt prey seals when they rest on top of the ice near their breathing holes
[30, 31]. The United States Geological Survey predicts two-thirds of the polar bears
will be lost by 2050 [30, 31]. At the 1.5 °C warming threshold marked by the IPCC,
range loss is 6% for insects, 8% for plants, and 4% for vertebrates by 2100 [31]. The
risks at 2 °C double, and at 4 °C excess warming, risks are ~10 times larger. The
Great Extinction of 252 million years ago, between the Permian and Triassic ages,
obliterated over 96% of all ocean species and 70% of land species as the tempera-
ture warmed 7—-14 °F due to extreme volcanic activity and increased CO, [30, 31].
The United Nations in 2019 predicts that anthropogenic activities disruptive to
nature will result in extinction of one million plant and animal species in the
short term.
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Consequences for Human Health

The World Health Organization estimates that the warming and precipitation trends
due to anthropogenic climate change will claim 250,000 lives annually during the
time period 2030-2050.

Heat waves

The first consequence of global warming will be increased heat stress, particularly
in urban centers that already serve as heat islands [32, 33]. Increased temperature in
urban heat islands will occur not only in the daytime but also at night preventing any
nocturnal relief. They expose more than half of the global population to stagnant air,
and impervious surfaces stressing the importance of the built environment to con-
sider dissipating heat [34]. Heat waves will be accompanied by increased mortality
due to cardiorespiratory diseases, diabetes, accidents, homicides, and suicides [35].
Mortality also goes up for heat stroke with its attendant dehydration. Heat stroke is
defined clinically as core body temperature > 40.6 °C accompanied by hot, dry skin
and central nervous system abnormalities. It is distinguishable from hyperthermia,
a medical emergency due to failed thermoregulation by the body such that core
body temperatures exceed 41-42 °C. Extreme heat events vary by region and adap-
tation. For example, a temperature of 102 °F would create a negative health out-
come in Cleveland, whereas the same temperature would have little additional effect
on people in Phoenix because of adaptation. The New York Times published a heat
interactive on August 30, 2018, where one can find modeled heat projections fol-
lowing the carbon pollution commitments of the Paris Climate Agreement. For
example, predictions indicate that in 2100, New York will experience 29 (range
16-40) more days of heat >90 °F compared to 8 days in 1960 [34]. Jakarta,
Indonesia, would have temperatures >90 °F all year round compared to 5 months in
1960. Humidity and temperature thresholds causing dangerous climatic conditions
occur about 20 days a year to 30% of the world’s population [35]. By 2100, this
scenario will increase to ~48% under Representative Common Pathway (RCP) 2.6
compared to ~74% under growing emissions, such as RCP 8.5. Under RCP 8.5,
exposure to wet bulb temperatures above 35 °C — the theoretical limit for human
tolerance — could exceed a million person-days per year by 2080 [36]. The wet bulb
temperature is measured with a sling psychrometer incorporating the relative
humidity; global warming will increase evaporation, increasing humidity impeding
the ability of humans to cool themselves by sweat evaporation. Also, RCP 8.5 com-
pared to RCP 2.6 for the year 2100, 85% of the land surface area will be three stan-
dard deviations beyond the mean temperature compared to ~20%, respectively. The
IPCC Representative Common Pathways reflect the intensity of the heat on the
surface of the Earth with RCP 2.6 watts/m? for a temperature of ~2 °C and RCP 8.5
watts/m? reflecting business as usual at ~4.8 °C [1].
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The most famous heat wave occurred in Europe in August 2003, resulting in
32,000 excess deaths [37]. France experienced a loss of 15,000 individuals with
2000 heat-related deaths in 1 day [38, 39]. Hospitals, retirement facilities, and nurs-
ing homes without air conditioning were especially vulnerable as a positive associa-
tion has been noted between heat waves and mortality in the elderly, especially
elderly women in social isolation [40]. Heat effects may be lingering as in Lyon,
France, where the 1-month and 2-year mortalities among 83 patients admitted for
heat stroke August 1-20, were 58% and 71%, respectively. In the Assessment and
Prevention of Acute Health Effects of Weather Conditions in Europe project, a 1 °C
increase in maximum apparent temperature above the intersection of heat and mor-
tality threshold, increased respiratory admissions by 4.5% (95%CI 1.9-7.3) in
Mediterranean and North-Continental cities [41]. In the EuroHEAT project, heat
wave-related mortality ranged from +7.6% in Munich to +33.6% in Milan from
1990 to 2004 [42]. The increase was up to three times greater during episodes of
long duration and intensity. The highest effect was observed for respiratory diseases
and among women aged 75-84 years in cities where the heat wave episode was
characterized by unusual meteorological conditions.

Air Pollution

Higher surface temperatures, especially in urban areas, promote increased ground-
level ozone with a synergistic effect on mortality. Biostatistical regression of tem-
perature and ozone on mortality in nine French cities exhibited a significant effect
of 1% per 10 pg/m? in ozone level [43]. US epidemiological studies show that a
10 °C increase in temperature on the same summer day increased cardiovascular
mortality by 1.17%, and there was an 8.3% mortality difference comparing the
highest level of ozone to the lowest among the 95 cities in the National Morbidity
and Mortality Study [44]. Schwartz and colleagues found an association between
elevated temperatures and short-term increases in cardiovascular-related admis-
sions for 12 US cities [45, 46]. Increased cardiovascular and chronic pulmonary
disease deaths have been associated with particulate matter size >10 microns (PM;)
in Wuhan, China, a city located in a deep valley susceptible to trapping air pollut-
ants, where a dose response has been observed with the highest mortality on the
days of extremely high temperature exceeding 33.1 °C [47]. Behavioral conditions
(symptomatic mental disorders; dementia; mood (affective) disorders; neurotic,
stress-related, and somatoform disorders; disorders of psychological development;
and senility) have also been associated with higher temperatures in urban areas [48].
A recent study of 40 US cities projected extreme heat events to increase fivefold by
mid-century resulting in 32,934 excess deaths, and eightfold by 2100, resulting in
150,322 excess deaths with business as usual (RCP 8.5, [49]). A recent study of
Medicare hospital data from 1985 to 2006 for 135 cities evaluated mortality for
congestive heart failure, myocardial infarction, COPD, and diabetes [50]. A Cox
proportional hazard model for each cohort within each city was correlated to
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summer temperature variation. Mortality hazard ratios (comparison of heat-related
day to non-heat-related day) ranged from 1.028 to 1.040 per 1 °C increase with
higher associations for those >74 years of age. Hazard ratios were lower in cities
with a higher percentage of land with green surface. Based on an average of 270,000
deaths per year across all four cohorts, a 5% increase in mortality would correspond
to ~14,000 additional deaths per year due to an increase in temperature variability
in the United States.

It has been postulated that allergic diseases, including hay fever and asthma, will
increase in urban areas because global warming will increase pollen [51, 52].
Increases in CO, from 350 to 700 ppm in laboratory conditions can increase rag-
weed mass and pollen output from 40 to 60% [53]. The major ragweed allergen,
Amb a 1, was also noted to increase in laboratory experiments [54]. The
U.S. Department of Agriculture has performed field experiments with ragweed plots
in Baltimore demonstrating a combined urban island heat and CO, effect on pollen
release with less effect in suburban or rural plots. More than 40 million Americans
complain of hay fever and 16 million have asthma defined by the Centers for Disease
Control and Prevention, and the trend for asthma has been increasing over the past
two decades [55].

Vector-Borne Diseases

Global warming may alter the distribution of vector-borne diseases with malaria
and dengue fever expanding their ranges by moving north from tropical to mid-
latitude regions, including the United States [56]. Malaria continues to plague
African children with 445,000 deaths (90% are children) and approximately 216
million cases per year in 2017. The epidemic potential of malarial transmission has
been projected to increase as a result of climate change [57]. The more compelling
data comes from records of illnesses kept in health dispensaries on tea plantations
stemming from the British colonial era in Kenya [58]. The cases of malaria were
projected for the tea highlands with temperature and rainfall over three decades
showing a nonlinear correlation with actual cases exceeding those predicted, sug-
gesting an already existing effect from climate change [59].

The WHO chronicles a 30-fold increase in Dengue fever infections over recent
decades to approximately 390 million in 2010 [60]. It is transmitted primarily by
Aedes (Stegomyia) aegypti and secondarily by Aedes albopictus, and is character-
ized by high fever, headache, skin rash, and muscle and joint pains with the name
break-bone fever. A more severe form, dengue hemorrhagic fever, which occurs in
about 5% of cases, is characterized by shock with increased vascular permeability,
internal bleeding, disseminated intravascular coagulation, and circulatory failure.
Dengue is caused by an RNA flavivirus, and there are four distinct serotypes for
which a multi-valent vaccine is being developed. These efforts are being funded by
the Gates Foundation. The entire Stegomyia genome has been sequenced with
14,519 protein coding sequences arising from 1.38 billion base pairs; knowledge of
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the genetic background could enable scientists to understand the immune response
to specific epitopes for efficient vaccine design. Computer modeling predicts 5-6
billion people at risk of dengue transmission by 2085, but if CO, were controlled at
RCP 2.6, then only 3.5 billion (35% of the world’s population) would be at risk [60].
Dengue fever time-series studies correlate outbreaks with temperature, rainfall, and
humidity. Aedes(Stegomyia) aegypti and albopictus mosquitoes bite during the day-
time making bed nets a less useful preventative compared to household spraying.
Oviposition, or the number of eggs laid per female, increases dramatically with
temperature, doubling with every 5 °C increase. Oviposition also increases when
humidity climbs above 60%. The eggs need standing water to hatch, and increased
rainfall will assist in the progression of the mosquito life cycle. Increasing tempera-
ture shortens the incubation time for the egg inside the mosquito and can increase
mosquito abundance. At higher temperatures, there is a reduced size, weight, and
wing span of the mosquito, which requires more frequent biting to complete one
gonotrophic cycle. Higher temperatures require unfed females to feed sooner for the
sake of their own survival than do lower temperatures. With increased mosquito
abundance and more frequent feedings, the risk/incidence of dengue transmission is
expected to increase as well.

Implications for Social Stability

Global warming leads to climate change, with potential effects on hurricane,
cyclone, and storm intensity and frequency; drought and associated consequences
related to food production and famine, population migrations, and potential war;
precipitation increases with attendant flooding; and insurance companies and gov-
ernments as adverse financial impacts diminish their abilities to respond to disasters
[61]. The Bulletin of the American Meterological Society listed 15 extreme weather
events in 2017 linked to climate change [62]. They concluded that extreme weather
events are 2-3 times more likely to be related to climate change than without global
warming, and that society is increasingly out of sync with the changing climate.

Drought, Forest Fires, Food Insecurity, and Migration

Below-average precipitation anomalies across the southern tier of the United States
are indicative of ongoing major drought conditions [1-5]. It has also been excep-
tionally dry across the western United States, much of eastern and southern South
America, particularly eastern Brazil, much of central Asia, including nearly all of
Mongolia, and much of Australia. These hot, dry conditions exacerbate intensity
and frequency of forest fires. Australian blazes have occurred after record heat
waves and hot, dry winds in southern Victoria state. During the 2009 heat wave, the
Black Saturday bush fire scorched 1.1 million acres, killed 173 people, and destroyed
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>2000 houses [63, 64]. Smoke from the Australian bushfires increased overall mor-
tality 5%, and increased hospital admissions for respiratory illnesses by 3-5% [63,
64]. In the western United States, since 1980, wildfire season has increased by >2
months, and the number of large wildfires has doubled. Temperatures have risen,
snow melt is earlier, and the forests are drier for longer periods of time. The average
duration of fires has increased fivefold. Epidemiological studies of fire smoke expo-
sure show an increase of 10 pg/m?® in PM,, from wildfires results in an approxi-
mately 1% increase in non-accidental mortality [65]. Time series analyses found
California wildfires in 2015 were significantly associated with Emergency
Department visits for ischemic heart disease, dysrhythmia, heart failure, pulmonary
embolism, stroke, and respiratory conditions, especially in those >65 years of age
[65]. In 2018, the Camp Fire wildfire obliterated the community of Paradise,
California, and 89 lives were lost. This fire began in extremely dry forest, and 50
mph winds spread it at the rate of one football field per second. It covered 153,000
acres and destroyed >18,800 buildings. Former Governor Jerry Brown, in attribut-
ing this disaster to climate change, said this was the new abnormal.

Lack of rainfall over several seasons is the most immediate and most visible
cause of the humanitarian crises in the Horn of Africa and sub-Saharan Sahel.
Climate change is only one of several factors that have led to the crisis. Other factors
include a very large population, especially children and youths that depend on rain-
fed agriculture and pastoralism for their livelihood and sustenance. Environmental
(soil, water) degradation and rapid population growth have compounded the prob-
lem. Much of sub-Saharan Africa has neglected agricultural development, and a
recent phenomenon has been the purchase of large tracts of land to produce export
food commodities. As a result, rural communities across Africa are trapped in worse
poverty, vulnerability, and increasing dependence on external humanitarian assis-
tance. Population growth and the desire for more wealth by the middle class in
developing countries, has created the need for more energy sources, supplied largely
from the burning of fossil fuels. Urban expansion has resulted in the net loss of
agricultural land. Migration to urban centers from rural areas by rural denizens
seeking a better life has increased the stress on food production. Some of the most
fertile and productive farm lands are near cities. Agricultural lands have reduced
production due to overdrawn and unreplenished aquifers. The combined effects of
climate change, population increase, and expectations of a higher standard of living
that lead to land and water scarcity for food production will affect the quantity of
food and quality of the diet that can portend adverse effects on nutrition. Although
increased CO, is expected to enhance crop growth, more likely there will be numer-
ous other factors, including soil fertility and pests, that flourish in warmer climate,
that will mitigate or eliminate any positive effects. Higher temperatures reduce
wheat, rice, and maize 2.5 to 10% for each 1 °C increase in ambient temperature
[66]. Wheat, corn, and cotton yields have statistical declines between 63% and 70%
for high CO, emission scenarios, for example, RCP 8.5. Extreme high temperatures
during the reproductive stage will affect pollen viability, fertilization, and grain or
fruit formation. Free-air CO, enrichment experiments for 18 genetically diverse rice
lines show declines in protein, iron, and zinc, with consistent declines in vitamins
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B1, B2, B5, and B9 correlating with the fraction of nitrogen within the vitamin
observed [67]. Insects may also reduce crop yields by 10-25% in future global
warming scenarios [68].

Hurricanes and Extreme Weather Events

Hurricane Katrina highlighted the 2005 hurricane season that was the costliest in the
United States at $145 billion in property damage. Katrina, a category 3 hurricane,
was the fifth worse hurricane in the history of the United States, causing 1836 deaths
from the hurricane and its attendant floods. Over 80% of New Orleans flooded after
the failure of its levee system. Obradovich et al. published that increasing monthly
temperatures to >30 °C increased mental health difficulties by 0.5% points; 1 °C
warming over a multi-5-year period was associated with a 2% point increase; and
exposure to Hurricane Katrina was associated with a 4% point increase in this met-
ric [69]. In 2011, Americans experienced 14 record-breaking weather and climate
disasters that each caused $1 billion or more in damages and contributed to a total
cost of approximately $53 billion [70]. In 2012, Hurricane Sandy struck New York
and New Jersey causing $65 billion in damages and killing over 65 people. Its >13-
foot storm surge flooded subways, tunnels, basements and knocked out electrical
power on Lower Manhattan [70]. At New York University’s Langone Medical
Center, patients were evacuated during the middle of the night as the surge shorted
electrical power; the flood also inundated Bellevue Hospital’s basement stopping
the elevators and fuel pumps [70]. As the fuel pumps stopped, a brigade was formed
to bring diesel fuel to emergency generators on the 13th floor until the hospital’s
patients were finally evacuated by the National Guard. Thousands of experimental
mice at NYU Langone Health perished, and freezers lost power endangering many
experiments until samples could be transferred to off-site locations. The hospitals
were closed for 6 months requiring alternative plans to provide medical care and
prescriptions to outpatients, train residents and fellows, and continue academic pro-
grams. One factor contributing to the storm’s strength was abnormally warm sea
surface temperatures offshore the East Coast of the United States — more than 3 °C
(5 °F) above normal, to which global warming had contributed 0.6 °C (1 °F, 70). As
the temperature of the atmosphere increases, the capacity to hold water increases,
leading to stronger storms and higher rainfall amounts. Tropical cyclones get their
energy from the warm surface layer of the ocean (which is getting warmer and
deeper under climate change) and increasing water vapor in the atmosphere. A
given cyclone will be more powerful in the presence of a warmer ocean and higher
atmospheric water content than it would be otherwise. And the higher the local sea
level is, the worse the storm. In 2013, Typhoon Haiyan hit the Philippines with
winds estimated at 180 miles per hour, and killed 6300 people, injured 27,000, and
destroyed or damaged 1.2 million homes. About 712 climate-related extreme events
were responsible for $326 billion of losses in 2017, almost triple the losses of 2016
[5]. Importantly, 99% of the losses in low-income counties were uninsured. In 2017,
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three record-breaking hurricanes (Harvey, Irma, and Maria) cost an estimated >$300
billion in economic losses to the United States. Hurricane Harvey had near record-
doubling rainfall accumulations leading to massive flooding and dam safety chal-
lenges in Houston resulting in $125 billion in losses. The hurricane stalled over the
Houston area inundating it in rain; climate change increases the intensity of storms
from warmer surface ocean waters, increases the amount of moisture in the clouds,
and slows the speed of hurricanes increasing the likelihood of storms stalling upon
landfall. Irma and Maria caused an additional $140 billion in damages and were
category 4 hurricanes packing winds of 185 mph. Hurricane Maria destroyed much
of the electrical infrastructure in Puerto Rico causing significant loss of life [71].
The Milken Institute/George Washington School of Public Health and the University
of Puerto Rico Graduate School of Public Health estimated the total excess mortal-
ity using the migration displacement scenario to be 2975 (95% CI 2658-3290) due
to Hurricane Maria for the total study period from September 2017 through February
2018. The risk of death was 45% higher and persistent until the end of the study
period for populations living in low socioeconomic development municipalities,
and older males (65+) experienced continuous elevated risk of death through
February.

Hurricanes, rising sea levels, and increased precipitation are examples of com-
pounding extreme events under climate change [72, 73]. Models predict up to 2.5
million displaced persons from South Florida northward to Orlando, Florida by
2100 due to rising sea levels. Climate change may result in increasing numbers of
migrants as small island states and coastal cities experience increased flooding from
rising sea levels and increased rainfall from the interior. Droughts will stimulate
farmers’ migration away from their failed crops, and the potential for water and
resource conflict will increase.

Insurability for Extreme Events

Extreme weather events adversely affect the insurance and re-insurance industries,
including Swiss Re, AIG, and others. Swiss Re estimates 3.4 billion people, primar-
ily in the developing world, are at risk from storms, droughts, and floods creating a
risk pool for innovative insurance solutions. Insured losses have jumped from an
annual $5 billion 40 years ago to an annual $134 billion in 2017 (highest year ever).
Over 70% of studies concluded that climate change has increased the risk of a given
extreme event, such as heat, drought, rainfall, wildfires, and storms. Companies,
such as Swiss Re, are offering commercial insurance solutions as pre-disaster plan-
ning for developing countries to off-set public budgets, but the countries must adopt
climate-mitigation policies. At the World Economic Forum, it was estimated that
moving to a low-carbon energy infrastructure and restricting warming to below 2 °C
would require global investment in clean energy of roughly $500 billion per year by
2020 and ~ $1 trillion thereafter. However, public and private investment in clean
energy in 2017 was only $333.5 billion, far below needed levels. Private sector
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investors are critical to global efforts to stimulate a low-carbon economy, adapt to
the unavoidable impacts of climate change, and close the climate investment gap.
They require risk-adjusted long-term certainty from governments and international
institutions about the direction of clean energy and climate policies and financing.
Capital is not flowing to low-carbon investments at the scale required because of a
lack of investor confidence in their climate and clean energy policy framework.

United States Military

The United States’ military is assessing risks for future conflict around the world
relating to climate change. Recent war games and intelligence studies conclude that
over the next 20 to 30 years, vulnerable regions, particularly sub-Saharan Africa, the
Middle East, and South and Southeast Asia, will face the prospect of food shortages,
water crises, and catastrophic flooding driven by climate change that could demand
an American humanitarian relief or military response. As an example, Bangladesh
will lose about 20% of its land mass, creating a major refugee population since it is
already densely populated. There will be a spillover migration, or an exodus of
people walking toward India. This will be one potential site for armed conflict with
different religions, damage to infrastructure from flooding, and the spread of conta-
gious diseases. The US military has seen ‘catastrophic’ damage to infrastructure
such as Tyndall Air Force Base in Florida from 150 mph winds of Hurricane Michael
in 2018 ($5 billion in losses), the potential loss of bases, such as Diego Garcia in the
Indian Ocean, and new Arctic sea lanes to defend with the melting of the Arctic ice
cap. They have been particularly innovative in creating fuel cells, solar panels for
Afghan outposts, and alternative fuels for aircraft and vehicles since supply lanes
are vulnerable to attack.

Efforts at Mitigation and Adaptation

Policy: Global

The United Nations has been the central focus on developing international consen-
sus for climate change science and mitigation. Stockholm, Sweden, was the host for
the first United Nations Conference on the Human Environment in 1972, and led to
the establishment of the United Nations Environment Program (UNEP). The pur-
pose of the conference was to unite the countries of the world against a common
enemy, which was environmental degradation. Following this, the UN set up a com-
mission on environment and development that issued a report using the term “‘sus-
tainable development™ as the way to ensure that economic development would not
endanger the ability of future generations to enjoy the fruits of the earth. The twen-
tieth anniversary of this conference was held in Rio de Janeiro in 1992 and called
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the “Earth Summit,” which was attended by leaders of 105 nations demonstrating
their commitment to sustainable development. The framework convention on cli-
mate change encouraged adoption of national policies that mitigate climate change
by limiting anthropogenic emissions of greenhouse gases and protecting and
enhancing their greenhouse gas sinks and reservoirs.

Since the 1992 agreement set no mandatory limits on greenhouse gas emissions
for individual countries and contained no enforcement mechanisms, it was consid-
ered nonbinding. It did establish national greenhouse gas inventories of emissions
and removals, and set up the Conferences of the Parties (COP). In 1997, the Kyoto
Protocol established legally binding obligations for developed countries to reduce
their greenhouse gas emissions. Most industrialized countries and some central
European economies in transition agreed to legally binding reductions in green-
house gas emissions of an average of 6 to 8% below 1990 levels between the years
2008 and 2012. The United States would be required to reduce its total emissions an
average of 7% below 1990 levels. Despite the negotiations on behalf of the US gov-
ernment by Vice President Al Gore and the President’s signature, the US Senate
refused to consider ratification because developing countries, such as India, China,
and Brazil were not bound to reduce their greenhouse gas emissions. The Byrd-
Hagel Senate Resolution, agreed to by 95 senators, mandated that developing coun-
tries had to be included before the United States would ratify the treaty. In 2001, the
Bush Administration rejected the Kyoto Treaty, and the United States was reduced
to observer status. The Clean Development Mechanism (CDM) allowed industrial-
ized countries to invest in renewable energy, energy efficiency, and fuel switching in
developing countries to meet their CO, limits and invest more cheaply to achieve the
target reduction of 1.5 billion tons of CO, equivalents. A Program of Activities was
developed to bundle CDM efforts, such as distributing compact fluorescent lamps,
efficient cook stoves, building refurbishment, or solar water heaters. The COP also
agreed that credit would be granted for broad activities that absorb CO, from the
atmosphere or store it, including forest and cropland management and
re-vegetation.

Ministers and officials from 192 countries met at COP 15 in Copenhagen,
Denmark, in 2009 to establish an ambitious global climate agreement for the
period after Kyoto to begin in 2012. President Obama decided to put off the diffi-
cult task of reaching a climate change agreement and instead pursued a less spe-
cific political accord to limit the growth in CO, emissions with a temperature
increase limited to 2 °C. The accord was notable in that it referred to a collective
commitment by developed countries for $30 billion from 2010 to 2012 for forestry
and investments through international institutions. In Canctin, Mexico, COP 16
confirmed the goal of limiting global warming to no more than 2 °C above pre-
industrial levels, and agreed to set up a new Green Climate Fund to transfer money
to developing countries. The agreement also noted that addressing climate change
required a paradigm shift toward building a low-carbon society. The agreement,
including the “Green Climate Fund,” was for $100 billion a year by 2020 to assist
poorer countries in financing emission reductions and adaptation. There was no
specific agreement on how this fund would be raised, and the decisions of the legal



1 Introduction: Consequences of Global Warming to Planetary and Human Health 23

form and level of emission reductions were once again deferred. They did develop
a time frame for implementation of efforts to reduce emissions from deforestation
and forest degradation (REDD) ; robust measurement, reporting, and verification
to increase confidence in national climate policies; and support for the creation of
well-functioning markets in developing countries for energy efficiency and renew-
able energy to accelerate the effective deployment and diffusion of these technolo-
gies at scale.

Policy : The United States

The United States was stymied to develop a national carbon policy with the Senate
only mustering 44 votes for the first McCain-Lieberman Climate Bill that would set
up a modified cap and trade program in 2003. The U.S. House of Representatives
passed the first climate change bill in 2009 named after Representatives Waxman
and Markey. It was based on cap-and-trade, with a goal of reducing greenhouse gas
emissions 17% below 2005 levels by 2020, and 83% by 2050. This bill prohibited
the EPA from regulating CO, under the Clean Air Act. In 2007 the U.S. Supreme
Court decided that EPA had statutory authority under the Clean Air Act to regulate
CO, (Massachusetts et al. vs EPA). The EPA also announced the Greenhouse Gas
Reporting Rule, which affected entities with more than 25,000 tons/year (about
70% of all US emitters). The EPA also found that CO, endangered public health and
welfare, allowing it to regulate CO, under the National Ambient Air Quality
Standards (Endangerment Finding).

With lack of progress in the legislative branch (US Senate), President Obama
developed his Climate Action Plan in 2013: cut carbon pollution in America, pre-
pare the United States for the impacts of climate change, and lead international
efforts to address climate change. The Environmental Protection Agency provided
the lead on cutting carbon pollution by using the Clean Air Act. The Clean Power
Plan carried out EPA’s obligations under section 111(d) of the Clean Air Act and
contained carbon dioxide emissions with performance rates for affected power
plants that reflected the “best system of emission reduction” (BSER) . The Clean
Power Plan included targets for reducing carbon pollution for each state based on
each state’s unique mix of power plants in 2012. The Clean Power Plan could result
in a 32% reduction in carbon pollution from fossil fuel power plants by 2030. The
projected annual benefits in 2030 were due primarily to the co-benefits of reducing
power plant ozone and particle pollution: 1500-3600 premature deaths, 90,000
asthma attacks primarily in children, 180—1700 heart attacks, 1700 hospital admis-
sions, and 300,000 missed school and work days for $34-54 billion in benefits
including $20 billion in global climate benefits against $8.4 billion in costs. These
benefits are what would be expected compared to not implementing the Clean
Power Plan. The other EPA efforts were the methane rule to reduce methane leaks
in oil and gas drilling and pipelines by 40%, and increasing fleet-wide corporate
average fuel economy (CAFE) standards to 54.5 miles per gallon stepwise by 2025.
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President Obama set the new target of reducing carbon pollution by 26-28% below
2005 levels by 2025. His team also met with Chinese leaders for a commitment to
peak CO, emissions by 2030, while striving to peak earlier and boost its share of
non-fossil fuel energy to 20%. After years of hard work, and thanks to President
Obama’s leadership, 195 countries came together in Paris and adopted the most
ambitious agreement to combat climate change in history. Signed on Earth Day
April 22,2016, in New York, the goal was to keep global warming below 2 °C, and
pursue efforts to limit temperature increase to 1.5 °C. The agreement set the world
on a course to cut carbon pollution and other greenhouse gases. It ensured we can
leave the planet a better place for our children. It was a clear sign that as citizens of
the world, we fully recognized the science of climate change, we were already feel-
ing its impacts, and we were ready to take ambitious, unified action. All countries
set progressive climate targets for themselves — an approach for a long-term, dura-
ble system to ratchet down emissions over time. All countries were to communicate
their climate targets every 5 years, starting in 2020. The agreement called for strong
transparency and reporting of national emissions to build trust. It required countries
to report on greenhouse gas inventories and on their mitigation progress. The
national commitments fell short of even the 2 °C target, and are on a pathway to
>3 °C by 2100; this requires negotiation to increase national commitments and lead-
ership, particularly by the United States, China, and Europe. However, the election
of Donald Trump to the US Presidency in 2016, in a faux populist revolt among the
rural poor and working class, reversed these gains as his administration has rolled
back all of the EPA regulations, including the Clean Power Plan, methane rule, cor-
porate fuel economy standards, and announced US withdrawal from the Paris
Climate Agreement by the end of his term. Furthermore, he attacked the scientific
basis of public health standards, the social cost of carbon, and led climate deniers
against the human cause of climate change rebutting the fact that 98% of climate
scientists agree that climate change is happening and that humans are the cause
[74]. The social cost of carbon was an agreed upon target ($45/ton CO,) by federal
agencies in considering federal projects, and this has also been adopted by several
state Public Utilities Commissions in regulating electrical power generation. The
social cost of carbon considered its global impact, which was rolled back to $1/ton
by the Trump Administration by considering the impact only by and on the United
States [75].

Withdrawal from the Paris Climate Agreement and the EPA rollbacks will
increase future climate mortality and expenses to meet the requisite carbon mitiga-
tion and adaptation. If the future course were to continue along RCP 8.5 to 2100,
one estimate of mortality is 106.5 million premature deaths versus 13.5 million for
the RCP 2.6 pathway [76]. These estimates were based on mortality from heat
waves, air pollution, droughts and food insecurity, loss of coastal reefs and fisheries,
and extreme weather, including hurricanes, cyclones, and flooding [76]. Shindell
et al. quantified the benefit of reducing carbon dioxide emissions, including the co-
benefits of reducing particulate matter, ozone, and nitrogen oxides resulting in
decreased air pollution, thus saving an estimated 153 + 43 million lives worldwide
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with 40% of this benefit occurring in the next 40 years [77]. Another biostatistical
estimate of increased premature mortality in the United States predicted an increase
in 80,000 premature deaths per decade primarily from rolling back the Clean Power
Plan [78].

Mitigation: Renewables

Mitigation efforts were strengthened by 157 Gigawatts (GW) of renewable energy
installed globally in 2017 compared to 70 GW of fossil fuel capacity, reaching 10.3
million jobs in the renewable energy sector, a 5.7% increase over 2016 [5]. Pacala
and Socolow [79] envisioned 15 stabilization options to solve the climate problem
by 2050 with current technologies projecting mind-numbing options that human-
kind has not even approached considering; at least 7 of these stabilization wedges
to reduce CO, would have to be completely accomplished [78]. More realistically,
MacDonald et al. described future cost-competitive electricity systems capitalizing
on the solar-rich Southwest and wind-rich Great Plains by transporting renewable
energy to both coasts via high-voltage direct current transmission lines [80]. Their
plan would result in an 80% reduction of CO,emissions relative to 1990 with level-
ized costs. Using a low-cost renewable, high-cost natural gas scenario (2006-2008),
US power consumers could save an estimated $47 billion annually with a national
electrical power system versus the three regionally divided ones (this saves three
times the cost of the new transmission lines). This electricity plan requires approxi-
mately 523 GW wind (~eightfold increase), 371 GW solar Photovoltaics (~62-fold
increase); 100 GW nuclear; 74 GW hydroelectric; 461 GW natural gas for 1529
GW installed capacity compared to 2012 and to be online by 2030. This system
would utilize natural gas rather than battery storage to fill gaps in renewable energy
for electricity. The land required would be 6570 km? (460 km? for wind and
6110 km? for solar PV) constituting 0.08% of the United States; the amount of
water would also be reduced by 65% due to fewer steam turbines. This plan would
hasten the revolution to greener electricity with electric vehicles, heat pumps, elec-
tric stoves, etc., but would require investments into new renewable power plants
and transmission lines plus surmounting hurdles in the legal, regulatory, commer-
cial, and political worlds. Estimates are that to have at least a 50% chance of keep-
ing warming below 2 °C throughout the twenty-first century, the cumulative carbon
emissions between 2011 and 2050 need to be limited to around 1100 gigatons of
carbon dioxide (Gt CO,, [81]). Greenhouse gas emissions contained in current
estimates of global fossil fuel reserves are around three times higher. Globally, a
third of oil reserves, half of natural gas reserves, and over 80% of current coal
reserves should remain unused from 2010 to 2050 in order to meet the 2 °C limit.
Development of resources in the Arctic and any increase in unconventional oil
production are incommensurate with efforts to limit average global warming to
2 °C [82].
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Mitigation: Cap-and-Trade and Carbon Tax

Mitigation efforts for renewables, such as wind, solar, tidal, or fourth-generation
nuclear are strengthened by policy approaches, such as cap-and-trade or a carbon
fee or tax. The cap-and-trade approach was used for reducing SO, emissions suc-
cessfully and abated acid rain. Cap-and-trade is best described as a system where
emissions are capped producing a decline over time with affected industries reduc-
ing emissions steadily and trading excess emissions to those entities substantially
below the cap until all polluting industries achieve a lower target. This has been
unsuccessfully attempted legislatively, but has worked among some states as in the
Regional Greenhouse Gas Initiative (RGGI) . RGGI includes nine New England
and Mid-Atlantic states in a market-based carbon auction with a cap-and-trade
program, and uses the proceeds to support renewable energy and energy efficiency.
New Jersey is re-entering the program. The carbon fee or tax is supported by cli-
mate scientist and pioneer James Hansen with the carbon fee placed at the source
of fossil fuel industries and the proceeds distributed on a per capita basis to indi-
viduals [83]. Economic forecasts suggest that Americans would get back more than
what they would pay in higher energy prices. In a carbon fee, for example, $50/ton
rising at 2% per year, CO, emissions fall 39-46% below 2005 levels by 2025. None
of the proposed taxes (including $73/ton rising 1.5% per year) achieve 80% CO,
below 2005 levels by 2050. Transportation emissions are stubbornly resistant to
carbon taxes, for example, a $50 carbon tax would reduce emissions from the trans-
portation sector by only 2%. The macroeconomic effect is small, <1% of GDP in
either direction. The tax proceeds could be used for per capita dividends (especially
low and middle-income, vulnerable communities), reduce payroll or corporate
taxes, reduce national debt, fund green energy, and/or infrastructure. In the long
term, the benefits for humanity of a societal shift away from fossil fuels and toward
cleaner sources of energy will far outweigh the costs. But the transition could have
severe implications for some sectors, regions, and countries, for example, the 2018
gasoline tax in France that resulted in riots by the working class. Poorly managed,
it could result in loss of income, opportunity, and future prospects for some work-
ers and communities. Canada plans a carbon tax in 2019, where Prime Minister
Justin Trudeau’s government introduced a national “fee and dividend” scheme that
will place a levy on the carbon emissions of fuels and other products, but then
refund the money to individuals and companies through tax rebates. Most residents
and businesses in Ontario, Saskatchewan, Manitoba, and New Brunswick,-the four
provinces subject to the federal tax (other provinces have introduced their own ver-
sions) — will receive refunds that will be greater than the carbon tax paid by the
average family. According to the Canadian government’s estimates, some 70% of
people will get back more in dividends than they pay in new tax. The most impor-
tant reason for a carbon tax is to place a price on carbon pollution, and provide
more opportunity for renewable energy to obtain investment and develop clean
electricity.
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Efforts to Combat Climate Change by Cities and States

As the US federal government announced its exit from the Paris Climate Agreement,
grass roots organizers formed “We’re Still In” to announce that they will continue
with the Paris commitments. They include >3500 leaders in >200 cities and coun-
ties, 24 states in the U.S. Climate Alliance, > 2600 business leaders and lenders
representing half of the US population and half of the nation’s gross domestic prod-
uct. The US government will re-join the Paris Climate Agreement on January 20,
2021, with a Democratic party in control of the government. It is critical to have
mayors and leaders in cities to be active. Although cities represent only 3% of the
land area of the Earth, they contain more than half of the population, consume 70%
of the world’s energy, and emit 75% of the CO, emissions. Globally, as many as
6225 companies headquartered in 120 countries have pledged to contribute to the
Paris goals representing $36.5 trillion in revenue — more than the combined gross
domestic products of the United States and China [84]. They expect as many as 65
million jobs in the low-carbon economy by 2030.

California is on the front line in the climate crisis and was the first state in the
United States to adopt a cap-and-trade CO, regulation. Its target was to reduce CO,
emissions by 15% by 2020 compared to a 1990 baseline implementing Assembly
Bill (AB) 32, California’s historic climate change law. The California Air Resources
Board implemented regulations covering 360 businesses representing 600 facilities
mandating caps or credits, and secondly, covered distribution of transportation fuel
and natural gas. Under the program, companies were not given a specific limit on
their greenhouse gas emissions, but supplied a sufficient number of allowances to
cover their annual emissions. As a statewide cap declined annually, the total number
of allowances issued also declined. The allowances given to electric utilities were to
be sold at auction, with the proceeds distributed to ratepayers. Senate Bill (SB) 100
committed California to a 100% clean electricity grid by 2045 from 20% currently.
In the future, California plans to import clean energy, for example, wind from
Wyoming. Electricity was 16% of California’s greenhouse gas emissions, and
Executive order B-55-18 committed California to total economy-wide carbon neu-
trality by 2045. SB 32 mandated a 40% reduction of greenhouse gas emissions
below 1990 levels by 2030 through continued use of cap-and-trade to achieve these
reductions. They plan to have 50% of electricity to come from renewables by 2030,
and to achieve this, solar panels are mandated on all new home construction in 2020
(building code). SB 350 and California’s Public Utility Commission set a goal of
five million zero-emission vehicles by 2030 and 250,000 electric charging stations
by 2025. California has an exemption under the Clean Air Act to control its unique
emissions, and is suing the federal government over fuel economy standards that the
federal government is rolling back; 12 states follow the California regulations,
potentially creating two markets for gasoline cars and trucks.

In June 2019, the New York State Climate Leadership and Community Protection
Act passed, setting up the most ambitious climate goals in the United States:



28 W. N. Rom and K. E. Pinkerton

requiring reductions in statewide greenhouse gas emissions to 60% of 1990 levels
by 2030 and 15% of 1990 levels by 2050. The electricity generating sector would
have to reach 70% renewable energy (from 60% from hydroelectric and nuclear
currently) by 2030 and net zero CO, pollution by 2040. A 22-member Climate
Action Council will develop scoping goals, including procurement of at least 9 GW
of offshore wind electricity generation by 2035, 6 GW of solar electricity by 2025,
and 3 GW of energy storage capacity by 2030. The law directs efforts to decarbon-
ize industrial entities by switching from fossil fuels to renewable electricity, electri-
fying residential houses and office buildings for heating, cooking, and cooling, and
electrifying transport where New York has ten million cars, trucks, and buses. The
law specifically addresses low-income communities for environmental justice to
provide funding for renewable energy.

Conclusion

The IPCC has reported that global citizens have only 12 years (by 2030) to decar-
bonize our economy by half and halt current global warming trends before tempera-
tures reach 1.5 °C above pre-industrial levels [2]. The report contends that warming
beyond the 1.5 °C threshold, which is expected around 2035, could expose tens of
millions within the global population to life-threatening heat waves, water short-
ages, and coastal flooding. At 2 °C by 2050, 37% of the world’s population would
be exposed to extreme heat, and 411 million to extreme water scarcity. We are on a
pathway to >3.2 °C by 2100 [2, 85]. Limiting the anthropogenic temperature anom-
aly to 1.5-2 °C is possible, but it requires transformational change across the board
of modernity, especially massive development of renewable energy [86]. Why were
2 °C and especially 1.5 °C chosen? Impacts research indicates that unbridled anthro-
pogenic climate change would be most likely to play out in a disruptive and irrepa-
rable way; key to understanding this is the non-linearity and irreversibility of the
multiple tipping points ahead [86]. Risks from extreme precipitation events would
increase dramatically with 2 °C warming, especially in eastern Asia and eastern
North America; sea level would rise about 4 inches more with 2 °C warming than
with 1.5 °C, affecting ten million more people; an extra 580,000 to one million
square miles of permafrost would thaw at 2 °C compared to 1.5 C; and at 1.5 °C of
warming, the Arctic is forecast to be ice-free once per century, but, at 2 °C warming,
that would happen once every 10 years [2]. Carbon capture and sequestration by
power plants to control CO, emissions, geoengineering to increase albedo or direct
CO, removal from the atmosphere, new generation of modular nuclear power, refor-
estation, and enhancing carbon sequestration in soil are all emerging technologies.
Political leaders, investors, and the public need to understand the importance of
timing to act now to avoid the worst outcomes of climate change. A “Green New
Deal” has been proposed in the U.S. House of Representatives to achieve decarbon-
ization of the economy by 2030, and increase jobs and training for displaced fossil
fuel workers toward the renewable energy economy. Lastly, there is a moral
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imperative to fight global warming: today’s youth will suffer the future conse-
quences of global heating both in cost and health; the poorest states in the United
States, and the poorest countries in the Southern Hemisphere will suffer the most
extreme weather, heat, and vector-borne disease; particulate air pollution ranks
sixth and indoor air pollution ranks eighth in global burden of disease with develop-
ing countries’ cities the most severely polluted; animals and plants will decline with
one million species going extinct; and climate deniers will bear a moral responsibil-
ity for the delay in response to the challenge of climate change. As former Senator
and Governor Gaylord Nelson, the Founder of Earth Day stated, “The ultimate test
of man’s conscience may be his willingness to sacrifice something today for future
generations whose words of thanks will not be heard.” The human health conse-
quences of global warming disproportionately affect communities of color because
of inadequate and crowded housing, greater sources of pollution, lack of air condi-
tioning, and zoning restrictions.
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Chapter 2
Climate Variability and Change Data
and Information for Global Public Health

Juli M. Trtanj and Tamara G. Houston

In understanding and using climate data for health, the data challenges are not
trivial—they are both technical and cultural. One of the great challenges in under-
standing the health consequences of climate variability and change is the paucity of
temporally and spatially compatible data to underpin evidence based on scientifi-
cally sound knowledge and action. Robust results require data from many different
disciplines, including from health, medical, social, and behavioral, to environmen-
tal, oceanographic, and climate sciences. Within each of those disciplines, there is
yet greater granularity, variability, and quality of data. And within that are further
challenges to access and availability—ranging from privacy concerns and private
sector ownership surrounding some health data, making it altogether unavailable, or
available but without the granularity needed for robust analysis, to accessing mas-
sive climate data sets in a usable way. And though it may sound like an oxymoron,
while we may not have a robust temporally and spatially matched dataset for a
given problem, as more and more data are gathered across disciplines, the challenge
becomes how to integrate and use all this BIG data.

The key is to have a well-defined problem, ask the right questions to identify
the most appropriate data, and find out as much as you can about the data.
This done preferably by reaching the person who owns, collected or generated the
data, but at the very least the metadata manager. This is an absolutely critical step
to ensure that research in this field continues to develop, grow, and support greater
knowledge about health consequences and adaptation options. Too often those in a
specific discipline think their data are the most complex or difficult, and will think it
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straightforward to just download or use data from another discipline, do their analy-
sis and publish the results. The reality is that most data sets are complex and have
significant strengths and weaknesses. Knowing how and when to use them appro-
priately is critical—even officially reported data have biases. Otherwise, the result
is often erroneous conclusions about causality, or mechanism, which fundamentally
detracts from the rigor of this whole community.

So What Is Climate Data, How Do I Know What I Need, How
Do I Get It, and How Do I Use It?

The aim of this chapter is to provide a common understanding of climate termi-
nology, climate data, and to highlight the major, long-standing data and modeling
centers through which climate data and models are available. The secondary aim
of this chapter is to provide a framework for how to think about and approach data
such that data do not drive the process, but rather the question that needs answering
drives the data. And the final goal is to highlight the massive opportunity for influ-
ence that the health community can have on the data providers simply by clarifying
the decision that is to be made, or the research question being asked, and commu-
nicating that to those responsible for collecting data and turning it into useful infor-
mation. With clarity of decision needs and articulation of a well-defined problem,
those “requirements” can influence the environmental observations made and the
information products produced.

Data Culture

One of the biggest differences between the climate and health communities is the
approach to data—how we collect and generate the information we need to evalu-
ate, understand, and take action in a given situation. This varies by observational
mode, volume, scale, scope, frequency, and continuity. The climate community
has a culture of data collection through targeted and sustained in situ and satellite
observations, data management, archiving, reanalysis, and modeled data sets. Entire
highly respectable careers are spent on data management, international cooperation
is built around data sharing (see GEO), and supercomputer power is critical to man-
age and model it. In contrast, health data tend to be event- and illness-specific, often
without the continuous collection so critical to understanding baseline conditions
and trends, and sometimes without any geo-referenced environmental parameters.
Actual individual health outcome data may even be sparser and, due to privacy
issues, not available at all. So, while the health data collected may serve the imme-
diate need for which they are obtained (i.e., an outbreak), it is often not particularly
useful for climate and health analysis or for the prediction of future climate-sensi-
tive health risks. The advent of syndromic surveillance, and other health proxies,
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along with Big Data, icloud storage, and increasingly accessible geospatial tools,

are rapidly helping address this gap. Reliable and compatible data underpin and

help establish the evidence base for credible actions that reduce climate-sensitive

health risks. So, in the spirit of multidisciplinary collaboration, let us learn from

each other and together tackle this data disconnect.
https://www.ncei.noaa.gov/news/noaa-expands-big-data-access
https://www.noaa.gov/big-data-project

Climate is what you expect, Weather is what actually happens

Defining Terms

In its most basic sense, this is the fundamental relationship between weather and
climate. Yet, within that, there are a multitude of critically important differences.
Understanding and using the correct terminology will greatly facilitate communica-
tion across disciplines, the development of a robust problem statement and identifi-
cation of appropriate data to use in answering that problem. Climate is a continuum
encompassing short term weather to seasonal, decadal, and long term changes in
the climate system. On top of this is layered the operative functional capacity, i.e.,
forecast, early warning, prediction, scenario, with each having associated levels of
uncertainty based on the lead time and model error. And even one step further,
to really understand the complexity inherent in these coupled human and natural
systems requires the consideration of other social and economic factors. Figure 2.1
provides an overview of time scales, function, and uncertainty.

Spanning Weather and Climate

Climate i Years Forecas
Qutlooks ey l—- Uncertainty
o T ' Seasons
Ll Months |
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Warnings
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Fig. 2.1 NOAA seamless suite of forecasts
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Weather is the day-to-day state of the atmosphere, at some place and time, and
its short-term (minutes to 7-8 days) variation. Weather is described as the com-
bination of temperature, humidity, precipitation, cloudiness, visibility, and wind
speed and direction. We talk about the weather in terms of “What will it be like
today?” “How hot is it right now?” “When will that storm hit our section of the
country?” Weather, over time, is what makes up climate—so if you have a
weather-related health risk, that means there is a climate-related element as well.
It does not mean that the knowledge about the interactions at weather time scales
necessarily translate to the longer term climate time scales as there are other fac-
tors at play. (http://nsidc.org/arcticmet/basics/weather_vs_climate.html), http://
www.ametsoc.org/amsedu/online/climateinfo/samplecourse/Ch01-1stEd.pdf
Climate is the slowly varying aspect of the atmosphere-hydrosphere-land sur-
face system, defined as statistical weather information that describes the varia-
tion of weather at a given place for a specified interval. It is typically characterized
in terms of averages of specific states of the atmosphere, ocean, and land, includ-
ing variables such as temperature (land, ocean, and atmosphere), salinity
(oceans), soil moisture (land), wind speed and direction on (atmosphere), and
current strength and direction on (oceans). In popular usage, it represents the
synthesis of weather; more formally, it is the weather of a locality averaged over
some period (usually 30 years) plus statistics of weather extremes (http://nsidc.
org/arcticmet/basics/weather_vs_climate.html).

Local or regional climate is in terms of the averages of weather elements, such as
temperature and precipitation, derived from observations taken over a span of
many years. In this empirically based context, climate is defined as weather (the
state of the atmosphere) at some locality averaged over a specified time interval.
Climate must be specified for a particular place and period because, like weather,
climate varies both spatially and temporally http://www.ametsoc.org/amsedu/
online/climateinfo/samplecourse/ChO1-1stEd.pdf

Climate (climatic) variability In the most general sense, the term “climate vari-
ability” denotes the inherent characteristic of climate which manifests itself in
changes of climate with time. The degree of climate variability can be described
by the differences between long-term statistics of meteorological elements cal-
culated for different periods. (In this sense, the measure of climate variability is
the same as the measure of climate change). The term “climate variability” is
often used to denote deviations of climate statistics over a given period of time
(such as a specific month, season, or year) from the long-term climate statistics
relating to the corresponding calendar period. (In this sense, climate variability
is measured by those deviations, which are usually termed anomalies. (http:/
nsidc.org/arcticmet/glossary/climate_variability.html).

Climate change is a change in the statistical distribution of weather over periods
of time that range from decades to millions of years (APHA—Climate Change:
Mastering the Public Health Role pp7). Climate change is expressed in terms of
years, decades, or even centuries—but its impacts can be felt in the present.
Scientists study climate to look for trends or cycles of variability (such as the
changes in wind patterns, ocean surface temperatures, and precipitation over the
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equatorial Pacific that result in El Nifio and La Nifia), and also to place cycles or
other phenomena into the bigger picture of possible longer term or more perma-
nent climate changes. (http://nsidc.org/arcticmet/basics/weather_vs_cli-
mate.html).

* Global warming is the gradual increase in the average temperatures of Earth’s
near-surface air and oceans since the mid-twentieth century and its projected
continuation (APHA—Climate Change: Mastering the Public Health Role pp7).

Early Warning, Prediction, Forecast, Outlook,
Projection, Scenario

In addition to the basic definitions, the application of those terms to a suite of pre-
dictive tools across time scales warrants similar clarification.

Early warning in its truest sense means information that makes it into the hands
of a decision maker (individual or institutional) with sufficient lead time to allow
preventive and protective action. Early warning can mean basic monitoring, fore-
casts, or predictions that provide advance warning to decision makers to allow pre-
ventive action to take place. This can cross time scales, ranging from things like
tornado warnings where seconds count, to a risk map about potential pathogenic
vibrio affecting shellfish, or using an El Nino forecast to help manage West Nile
Virus risk 3 months ahead. The term “early warning” can be applied up to seasonal
and annual time scales, but most commonly is used to refer to a weather event or
time scale.

[vibrio risk map for Chesapeake Bay].

[link to Cal Serv and South Dakota WNV]

Forecasts are typically on weather time scales (daily and out 7 to 10 days). In
cases of extreme weather events, such as hurricanes or tornados, the forecasts can
be less than hourly with frequent updates. A forecast is related to a prediction in
that the forecast is made by a particular person or with a particular technique or
representation of current conditions that includes a prediction of those conditions.
An example of a forecast is a statement by a weather forecaster that it will rain at
3:30 PM tomorrow—this reflects that individual’s best judgment, perhaps drawn
from a prediction that there is a 70% chance of rain tomorrow afternoon. For a deci-
sion maker, the credibility of the forecast depends critically on the credibility of
the forecaster (or forecasting technique) as well as on the inevitability of the event.

A climate prediction is generally made on intraseasonal to seasonal to inter-
annual time scales. A prediction is a probabilistic statement that something will
happen in the future based on what is known today and is most influenced by the
initial, or current, conditions. A prediction generally assumes that future changes
in related conditions will not have a significant influence. For example, a weather
prediction indicating whether tomorrow will be clear or stormy is based on the state
of the atmosphere today (and in the recent past) and not on unpredictable changes in
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“boundary conditions” such as how ocean temperatures or even society may change
between today and tomorrow. For decision makers, a prediction is a statement about
an event that is likely to occur no matter what they do. http://sciencepolicy.colorado.
edu/zine/archives/1-29/26/correspond.html

Climate predictions are usually expressed in probabilistic terms (e.g., probability
of warmer or wetter than average conditions) for periods such as weeks, months, or
seasons. A prediction is a probabilistic statement of something that could happen in
the future based only on what is known today. Climate projections are long-range
predictions of the future climate based on changing atmospheric conditions, such
as increased or decreased pollutants due to emissions from the burning of fossil
fuels (coal, oil, gas) http://www.nws.noaa.gov/om/csd/graphics/content/outreach/
brochures/Weather&Climate_General_Public.pdf

Outlooks are probabilistic and typically made on climate time scales of 2
weeks, monthly, and seasonal and, often drawing on expert judgement. NOAA’s
Climate Prediction Center issues Extended Range Outlooks (out to 2 weeks) and
monthly to seasonal Outlook maps showing probabilities of temperature and pre-
cipitation departing from normal, with an accompanying technical discussion.
These outlooks are issued from 2 weeks to 13 months in advance, for the lower
48 states and Hawaii and other Pacific Islands. (https://www.cpc.ncep.noaa.gov/
products/forecasts/).

Regional Climate Outlook Forums (RCOFs) produce consensus-based, user-
relevant climate outlook products in real time in order to reduce climate-related
risks and support sustainable development for the coming season in sectors of
critical socioeconomic significance for the region in question. Regional Climate
Outlooks are done globally through the National Hydrological and Meteorological
Services and the World Meteorological Organization (Fig. 2.2). https://public.wmo.
int/en/our-mandate/climate/regional-climate-outlook-products

PICOF

Fig. 2.2 Regional Climate Outlook Forums
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Climate projections are generally decadal-to-centennial. In contrast to a predic-
tion, a projection specifically allows for significant changes in the set of “boundary
conditions” that might influence the prediction, creating “if this, then that” types
of statements. Thus, a projection is a probabilistic statement that it is possible that
something will happen in the future if certain conditions develop. The set of bound-
ary conditions that is used in conjunction with making a projection is often called
a scenario, and each scenario is based on assumptions about how the future will
develop. For example, the Intergovernmental Panel on Climate Change (IPCC)
would project a range of possible temperature changes that would likely occur for
a range of plausible emissions scenarios and a range of model-derived estimates of
climate sensitivity (the temperature change that would result from a CO2 doubling).
This is clearly a projection of what could happen if certain assumed conditions
prevailed in the future—it is neither a prediction nor a forecast of what will happen
independent of future conditions. For a decision maker, a projection is an indica-
tion of a possibility, and normally of one that could be influenced by the actions
of the decision maker or other policy actor. http://sciencepolicy.colorado.edu/zine/
archives/1-29/26/correspond.html

A climate scenario is a coherent, internally consistent, and plausible descrip-
tion of a possible future state of the world. It is not a forecast; rather, each sce-
nario is one alternative image of how the future can unfold. A projection may
serve as the raw material for a scenario, but scenarios often require additional
information (e.g., about baseline conditions). A set of scenarios is often adopted
to reflect, as well as possible, the range of uncertainty in projections. Other terms
that have been used as synonyms for scenario are “characterisation”, “storyline”,
and “construction”.

Scenarios are best thought of as “plausible alternative futures — each an example
of what might happen under particular assumptions”; scenarios are not predictions
or forecasts because they depend on assumed changes in key boundary conditions
(like emissions) and scenarios are not fully projections of what is likely to hap-
pen because they have considered only a limited set of possible future boundary
conditions (e.g., emissions scenarios). For the decision maker, scenarios provide
an indication of possibilities, but not definitive probabilities. For instance, the
Intergovernmental Panel on Climate Change will run several scenarios with different
boundary conditions such as emissions and economic growth rates. WeatherZine,
Number 26, 2001, NCAR http://sciencepolicy.colorado.edu/zine/archives/1-29/26/
correspond.html

How to Think About Climate Data—Or When to Use What?

Climate data comprises many different types, scales, and resolution of data, derived
from multiple sources (satellite or in situ), and made available through a number of
products and service modes.
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Scale

Climate data can be global, regional, or local in scale and comprises oceanic, atmo-
spheric, and terrestrial data. Within that are mostly physical parameters such as
precipitation, temperature (atmospheric and oceanic), sea level, waves, and winds.
The data streams, while collected separately, but can be part of the same satellite or
field collection effort. The different data streams are then combined to make climate
data products and models. Scale is largely dependent on the means by which the
data are collected (satellite or in situ observations), the area of coverage, and density
of collection sites for in situ observations, or grid size for satellites.

Source

Data are collected or provided from multiple sources; satellite, in situ, modeled,
reanalyzed, and projections. Satellites provide periodic but global coverage from
polar orbital satellites or consistent coverage over parts of the globe through geo-
stationary satellites. Polar orbital satellites provide total earth coverage, but will
measure the same place twice each day at the same local time, every 12 hours, as
part of their low earth orbit (approximately 500 miles altitude) moving from North
Pole to South Pole. Because of their lower altitude, polar orbital satellites can use
microwave radiometers which allow them to measure through clouds to sense pre-
cipitation, temperature in different layers of the atmosphere, and surface charac-
teristics like ocean surface winds. Geostationary satellites are fixed high above the
equator (approximately 22,000 miles altitude) providing continuous coverage of the
same area, but the resolution is generally 1 km at best, and coverage is not global.
In general, for climate and weather purposes, the National Aeronautics and Space
Administration (NASA) launches research satellites mostly in polar orbital and in
lower earth orbit. The National Oceanic and Atmospheric Administration (NOAA)
operates the satellites needed for weather and climate predictions which include
geostationary satellites.

In situ data are collected from ground, water-based, or airborne instruments and
sensors. Availability varies by country, both in time and space, and access. The qual-
ity varies according to the instrumentation and human skill in collection and record-
ing. Metadata may or may not be available, and upkeep, updates, and archiving
are problematic for many countries. In situ data are useful alone, can be combined
with other data into more comprehensive products, and can be used to validate and
enhance satellite data. The networks and instruments for in situ data collection vary
widely and include everything from permanent weather stations, to tide gauges, to
drifting buoys in the ocean and ships of convenience, to the atmospheric radiation
and temperature and Carbon dioxide measurements and Mauna Loa Observatory in
Hawaii, which has tracked CO2 since the 1950s.
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Products

Data can also be processed into products such as Sea Surface Temperature (SST) ,
SST Anomalies (commonly depicted during El Nino and La Nina events), Vegetation
Indices, Sea Ice (see http://www.realclimate.org/index.php/data-sources/ for addi-
tional products). One of the most well-known data sets is the Global Historical
Climatology Network (GHCN) Daily Dataset, which is a global, daily in situ data-
set derived from multiple sources: approximately 25,000 temperature stations,
44,000 precipitation stations, 25,000 snowfall or snow depth stations, and cur-
rently ingests more thanl.6 billion daily observations with the earliest value from
January 2, 1833, and the latest value from yesterday. (see https://www.ncdc.noaa.
gov/ghcn-daily-description).

The scientific community has established three global networks for terrestrial,
oceanographic, and climate data. The Global Ocean Observing System (GOOS) is
a permanent global system for observations, modeling, and analysis of marine and
ocean variables to support operational ocean services worldwide (Fig. 2.3). GOOS
comprises a network of ocean-based observations and satellite observations and,
along with the Global Climate Observing System (GCOS) and the Global Terrestrial
Observing System (GTOS) comprise a global network of monitoring to understand
and predict climate, among other things.

Global Ocean Observing System (GOOS) in situ measurements

* 3000 Argo floats collect high-quality temperature and salinity profiles
from the upper 2000 m of the ice-free global ocean and currents from inter-
mediate depths.

* 1250 drifting buoys record the currents of surface, the temperature, and the
atmospheric pressure.

* 350 embarked systems on commercial or cruising yachts which collect the
temperature, salinity, the oxygen, and the carbon dioxide (CO2) in the
ocean and the atmosphere, and the atmospheric pressure.

* 100 research vessels measure all the physical, chemical, and biological
parameters, between the surface of the sea and the ocean floors every 30
nautical miles out of 25 transoceanic lines.

* 200 marigraphs and holographs which transmit information in quasi real
time, thus providing the possibility of detecting tsunamis.

* 50 commercial ships which launch probes measuring the temperature and
salinity between the surface and the ocean floor on their transoceanic ways.

e 200 moorings in open sea which are used as long-term observatories,
recording weather, chemical, and biological parameters on a fixed site
between the surface and the bottom.
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Fig. 2.3 Global Ocean Observing System (GOOS) in situ measurements

Reanalysis

In order to create consistent and comparable global datasets, major efforts are made
by the community to create reanalysis datasets. Reanalysis is a scientific method for
developing a comprehensive record of how weather and climate are changing over
time. In it, observations and a numerical model that simulates one or more aspects
of the Earth system are combined objectively to generate a synthesized estimate of
the state of the system. (https://reanalyses.org/reanalysesorg-home-page).

These are weather models which have the real world observations assimilated
into the solution to provide a “best guess” of the evolution of weather over time
(although pre-satellite era estimates (before 1979) are less accurate). The newest as
of this writing is the NCEP/NCAR reanalysis with 6-hour, daily, and monthly data
available. https://www.esrl.noaa.gov/psd/data/reanalysis/reanalysis.shtml

Projections

Data are also generated through climate projections and scenarios. A climate pro-
jection is a model-derived estimate of the future and the pathway leading to it. When
the certainty around a projection is branded “most likely” it becomes a forecast or
prediction. A forecast is often obtained using deterministic models, possibly a set
of these, outputs of which can enable some level of confidence to be attached to
projections. General Circulation Models (GCMs), numerical models that represent
the physical processes in the atmosphere, ocean, cryosphere, and land surface, are
the most advanced tools currently available for simulating the response of the global
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climate system to increasing greenhouse gas concentrations. While simpler models
have also been used to provide globally or regionally averaged estimates of the
climate response, only GCMs, possibly in conjunction with nested regional models,
have the potential to provide geographically and physically consistent estimates of
regional climate change which are required in impact analysis. GCMs depict the
climate using a three dimensional grid over the globe typically having a horizontal
resolution of between 250 and 600 km, 10 to 20 vertical layers in the atmosphere
and sometimes as many as 30 layers in the oceans. Many physical processes, and
feedback mechanisms such as water vapor and warming, or clouds and radiation,
occur at smaller scales and cannot be properly modelled. Instead, their known prop-
erties must be averaged over the larger scale in a technique known as parameteriza-
tion, which are sources of uncertainty in GCM-based simulations of future climate.

Assessing Climate Data Partners

----- e

Current Permafrost +
seasonally frozen
dir

CO, partial
pressure

Land cover




46 J. M. Trtanj and T. G. Houston

NOAA houses much of the climate, weather, and ocean data not only for the United
States but serves as the main repository for the World Meteorological Organization
and other international bodies. In the United states, there is a three-tiered cli-
mate services support program. The partners of this program include NOAA’s
National Centers for Environmental Information—https://www.ncdc.noaa.gov/),
six Regional Climate Centers (RCC—https://www.ncdc.noaa.gov/customer-sup-
port/partnerships/regional-climate-centers),and individual State Climate Offices
(SCO—http://www.stateclimate.org/). NCEI is the world’s largest active archive of
weather data with over 150 years of in situ, radar, and satellite data available for use
in a wide variety of applications. The Regional Climate Centers are a federal-uni-
versity cooperative effort that is managed by NCEI. The RCCs are engaged in the
timely production and delivery of useful climate data, information, and knowledge
for decision makers and other users at the local, state, and national levels. The RCCs
support NOAA’s efforts to provide operational climate services, while leveraging
improvements in technology and collaborations with partners to expand quality data
dissemination capabilities. State Climatologists have the best understanding of the
climate of their state, and the ability and knowledge to provide climate data and
information to local users. Additional NOAA climate partners include the National
Weather Service Climate Services Division https://www.weather.gov/climateser-
vices/, the Climate Prediction Center https://www.cpc.ncep.noaa.gov/, the Climate
Diagnostics Center (http://cires.colorado.edu/science/centers/cdc/), the Climate
Program Office (https://cpo.noaa.gov/) and their Regional Integrated Sciences and
Assessments (RISA) Program (https://cpo.noaa.gov/Meet-the-Divisions/Climate-
and-Societal-Interactions/RISA/About-RISA), and six Regional Climate Service
Directors (https://www.ncdc.noaa.gov/rcsd) that are located at the NWS Regional
Headquarters (Fig. 2.4).

Some applications require data and information for areas outside of the United
States. While the agencies mentioned above focus primarily at the national,
regional, and local levels, some do participate in international activities as well.
For example, NCEI operates a World Data Center for Meteorology (https://www.
ncdc.noaa.gov/wdcmet) and a World Data Center for Paleoclimatology (https://
www.ncdc.noaa.gov/data-access/paleoclimatology-data). The World Data Centers
are part of a global network of discipline sub-centers that facilitate international
exchange of scientific data. The World Meteorological Organization also maintains
a list of member National Meteorological or Hydrometerological Services (https://
public.wmo.int/en/about-us/members) in which users can go directly to the country
of interest in order to obtain weather and climate data and information for their
application (Fig. 2.5). WMO designated Regional Climate Centres are also being
implemented to provide more regionally focused data and products to users (http://
www.wmo.int/pages/prog/wcp/wcasp/rcc/rce.php)
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Fig. 2.4 Map depicting climate service partners throughout the United States




48 J. M. Trtanj and T. G. Houston

ANTARCTICA

Fig. 2.5 World Meteorological Organization map of member National Meteorological or
Hydrometeorological Services (http://www.wmo-dra.info/gmap/WMO_NMHS_regions/metser-
vices.html)

Global Observing Systems Information Center is a one-stop shop for the
Global Ocean Observing System, Global Climate Observing System, and
Global  Terrestrial ~Observing  System.  https://www.ncdc.noaa.gov/gosic/
global-climate-observing-system-gcos/us-