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This chapter describes the current understanding of nonlinear responses based on the latest scientific
studies. Due to the potential severity of these impacts, and the fact that new, cutting-edge scientific
research continues to be underway, it will be important to review the state of the science as often as
possible going forward to make sure that we can anticipate and prepare robustly to protect our
community, our natural resources, and our livelihoods in the face of these potentially dramatic changes.

Nonlinear Changes in
Climate
INTRODUCTION
Compounding climate change effects from interdependent subsystems, in addition to the projected
impacts from greenhouse gas emissions, may lead to new and difficult-to-predict consequences. Nonlinear
system responses could cause abrupt and severe impacts, some of which could cause serious disruptions to
human and natural systems [1]. Possible impacts include weakening or collapse of global circulation
systems, extreme sea level rise, and gas releases from melting permafrost and warming ocean sediments
[1].

CHANGES TO GLOBAL OCEAN CIRCULATION
Deep ocean circulation and currents are driven by differences in water temperature and salinity in the deep
ocean and at the ocean surface. In certain areas of the ocean (e.g., near Greenland and Iceland), these
differences pull warmer, less dense water into a region as colder, saltier water sinks and gets picked up by
deep ocean currents. This circulation, referred to as the thermohaline circulation, shapes global weather
patterns by redistributing heat in the global ocean (Figure 1) [1]. The Atlantic Meridional Overturning
Circulation (AMOC), which occurs in the North Atlantic, is part of the Atlantic Thermohaline Circulation. The
AMOC depends on warm salt water from the mid-latitudes and tropics releasing its heat to the atmosphere
in the northern latitudes, which becomes colder and denser and sinks beneath less saline waters [1, 2]. The
cold water is replaced by warmer surface water circulating northward from the tropics, and the cycle
continues [1].
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Figure 1. Thermohaline circulation, the global conveyor belt of ocean currents that influence the Earth's climate [3].

Thermohaline Circulation Slowdown
Slowdowns of deep-sea circulations can have implications for global temperature by interfering with the
ability of the oceans to transport heat to northern latitudes. This is a case where the effects of rising
temperatures on ice sheets like Greenland and Antarctica can trigger changes in ocean circulation that
actually cause a rapid decrease in global temperatures that could disrupt plant productivity and food
production in ways that have significant consequences for human communities.
Freshwater Input

The strength of ocean circulation is tied to the rate of freshwater input, which suggests that any major
change in the influx of freshwater could significantly alter the functionality of AMOC, in particular by
slowing the circulation [4, 5]. Researchers have come to this conclusion after modeling simulations in which
increased freshwater input from melting ice sheets around the North Atlantic resulted in a disruption of
thermohaline circulation [5]. These simulations could also explain the paleoclimatological evidence of
millennial-scale climate variability in the North Atlantic, wherein periods of increased freshwater flow to
the North Atlantic caused decreases in ocean circulation [5]. Thermohaline circulation, therefore, seems to
be highly sensitive to even small changes in the hydrologic cycle [5]. Increased rainfall in the North Atlantic
and the melting of glaciers and sea ice projected by climate models could lower sea surface salinities,
possibly halting the sinking of cold, salty water and again altering the functionality of thermohaline
circulation by causing it to weaken [6]. It is possible that the weakening of thermohaline circulation has
already begun. River discharge into the Arctic Ocean increased by 7% between 1936 and 1999, and the
Atlantic Ocean has experienced significant freshening over the past 40 years [7]. Arctic sea ice is melting
faster than expected [8], and the influx of this fresh meltwater poses what is arguably the largest threat for
disrupting thermohaline circulation.
Observations over the past decade have shown that AMOC has weakened, essentially slowing down, but
more analysis is needed to definitively say if this weakening is caused by natural changes in overturning (as
suggested by historical models and the paleoclimate record mentioned previously) or is driven by
anthropogenic climate change [4]. Research has shown that levels of atmospheric carbon dioxide four
times pre-industrial levels (which were approximately 280 ppm) could lead to a near-complete shutdown of
circulation [9]. Reaching such high levels of atmospheric carbon dioxide is possible if humans continue
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emitting greenhouse gases at our current rate [10], which reached 400 ppm for the first time in Earth’s
history in 2013 [11]. Under a high emissions scenario (RCP 8.5), greenhouse gas emissions will increase
three-fold compared to levels in 2000 [12].
Past Disruptions of Ocean Circulation

Previous disturbances in thermohaline circulation were
abrupt and dramatic [2, 5]. Melting glaciers
approximately 10,000 years ago led to a short-term
disruption of the Atlantic thermohaline circulation and
subsequent cooling in the North Atlantic region that
lasted between 50 and 150 years [13]. Average summer
temperatures in that region are thought to have been
about 3°F (1.6°C) cooler than before the circulation
disruption as a result of these changes [13]. In
subtropical areas, the paleoclimate record shows
temperatures during a circulation slowdown more than
10,000 years ago were as much as 7°F (4°C) cooler than
before the slowdown [14]. Ice cores from Antarctica
have shown clearly that previous weakening and
breakdowns of these currents have happened but over
climate change transitions of tens of thousands of
years; the current quick changes over the last hundred
years or so are very likely anthropogenic.
Long-term cooling events like those described here
present clear evidence of the undeniable relationship
between ocean currents and climate and the role of
currents as heat-energy distributors around the globe.
But more research is needed to determine if changes in
the ocean currents-climate dynamic could also result in
short-term changes in weather, specifically extreme
weather. We know that ocean currents go through
natural cycles that alter the sea’s surface temperature
and lead to mostly predictable climatic variations, such
as El Niño and La Niña periods [15]. Therefore, it
remains theoretically possible that when disruption of
ocean circulation results in changes in heat transfer
between the ocean and atmosphere, one consequence
could be extreme weather events [15]. A better
understanding of ocean physics would allow
researchers to answer this question with more
confidence.
Another consequence of changes in ocean circulation
could be an increase in sea level of up to 31 inches (80
cm), in addition to the sea level rise associated with
warming from greenhouse gases [1]. This is caused by a
redistribution of mass in the ocean when currents are
altered, often resulting in regional sea level changes
when only certain parts of circulation are disturbed [7].
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What does “nonlinear” really mean?
Climate models show us what we can expect from
incremental increases in atmospheric greenhouse
gases and allow us to forecast the impacts of
gradual changes in environmental conditions as a
result of those greenhouse gases. When
represented visually (as in a graph), these gradual
changes form a simple linear position (see
Figure 2). However, our climate doesn’t always act
in a simple, linear fashion. Research shows that
certain oceanic and atmospheric systems are quite
sensitive to the effects of climate change, in
particular global warming, such that dramatic
responses to changing conditions can occur rather
abruptly once a certain threshold is surpassed. On a
graph, these abrupt changes distort a simple linear
trend into something nonlinear – as shown in
Figure 2. Therefore, when it comes to climatic
change, the term “nonlinear” refers to abrupt, and
potentially severe, changes in our climate. These
events are often difficult to predict and evidence of
their occurrence in the paleoclimate record can
sometimes be ambiguous, which in turn makes
them difficult to incorporate in modern-day
modelling scenarios.
Figure 2. Visual representation of linear and nonlinear
data.

Linear vs. Nonlinear
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Modeling performed by Knutti and Stocker (2000) found the potential for an additional 19 inches of global
average sea level rise during a complete circulation shutdown simulation [16].
Uncertainties

It should be noted that response of thermohaline circulation to the effects of global warming, even with
current modeling technology, is relatively unknown [5]. More efforts in simulating the consequences of an
abrupt slowdown or complete shutdown of thermohaline circulation are needed [5]. Additionally, a realistic
timeframe for a future shutdown of thermohaline circulation has yet to find consensus among researchers.
While AMOC has undeniably weakened, some scientists believe a future shutdown would only occur after
decades of global warming (while admitting a partial collapse within the next 100 years cannot be ruled
out) [17]. Others are more leery of citing a specific timeframe due to the inability of climate models to
accurately and confidently simulate past abrupt collapse [18].
If a shutdown occurs, we can expect large-scale cooling to take place in the Northern Hemisphere as was
experienced in previous events; however, depending on how much warming was experienced prior to the
shutdown, it is possible any such cooling event might simply revert surface air temperatures to levels more
in line with pre-industrial levels [17, 19]. Modeling performed by Vellinga and Wood (2008) showed that a
thermohaline circulation shutdown in the year 2050 would indeed result in a global temperature decrease
for the Northern Hemisphere, but summer temperatures would still remain above pre-industrial levels [17].
Additionally, any such shutdown would likely only be temporary [17, 20]. Modeling simulations show that
average temperatures in Northern Hemisphere would cool approximately 14°F (8°C) in some places for the
first 50 years after the shutdown, along with reduced precipitation and diminished plant growth (a
decrease of 5% world-wide) [20]. Circulation would mostly recover within 100 years, and climatic
anomalies would start to disappear [20].

EXTREME SEA LEVEL RISE
Rising seas threaten coastal communities, economies, and ecosystems. A recent study by Hansen et al.
(2016) has shown that succeeding in the Paris Agreement’s goal of limiting global warming to no more than
2°C (about 4°F) above pre-industrial levels may not be enough to mitigate sea level rise and avoid
deleterious ecosystem changes [21]. This conclusion is supported by events in prior interglacial periods,
where evidence shows sea level rise of 20 to 30 feet (6 to 9 meters) and extreme storms occurred when
Earth was only a little bit warmer than it is today-- less than 1°C (about 2°F) warmer [21]. The Sea Level Rise
chapter of this report describes the most recent climate change projections based on linear changes in
thermal expansion and ice melt; below we elaborate on those with additional information about nonlinear
changes from significant changes to mountain glaciers and the ice sheets in Antarctica and Greenland.
Mountain Glaciers
Ice loss from glaciers and ice caps (ice masses less than 50,000 square kilometers of land area, or roughly
the size of Costa Rica) account for 60% of sea level rise unattributed to thermal expansion [22]. This is
equal to 0.07 inches (1.8 mm) per year of global sea level rise just from glaciers, and this contribution has
accelerated over the past decade [22]. Between 1994 and 2013, Alaska alone lost 75 billion metric tons of
ice per year; about 94% of that mass loss came from glaciers located on land and by lakes [23]. Because
land-based glacier melt is so closely linked with air temperature, warmer summers will mean those glaciers
will melt faster as the climate continues to change.
Given the contributions of glaciers and ice caps to global sea level rise, it has been argued that
understanding their changing dynamics and instability as a result of continued warming is perhaps most
important for preparing for sea level rise [22].
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Antarctica
Ice melting can lead to a variety of cascading consequences for the dynamics of ice sheets (defined as an
ice mass greater than 50,000 square kilometers and therefore larger than ice caps), including disintegration
[21]. The Antarctic ice sheets produce tens of thousands of icebergs each year, many of which break off
from ice shelves—huge masses of floating ice attached to land and created by glacier runoff [24]. In more
typical conditions, when an iceberg calves from a shelf, the shelf is pushed seaward by its associated glacier
until they can reconnect with the iceberg [25]. Accelerated melting of the icebergs can prevent
reconnection from happening though, causing glaciers to increase velocity and bring more ice into the
warming sea [26], which would contribute to sea level rise [27]. Recent research shows that parts of the
Antarctic ice shelves are experiencing more rapid and frequent calving as a result of melting of the bottom
layers of the ice, in and of itself becoming the primary driver of mass loss [28]. Bottom-layer melting
accounted for approximately 1,300 gigatons of ice loss from melting per year on the Antarctic ice shelves
between 2003 and 2008 [28].
Large Antarctic ice shelves named Larsen A and Larsen B collapsed in 1995 and 2002 respectively [26].
Studies of Larsen B found that the flow of glaciers feeding Larsen B accelerated following the collapse [26,
29]. Researchers are now monitoring a rift in Larsen C that has grown rapidly in recent years and could
result in the most significant calving event of the last 30 years (Figure 3) [30]. The collapse of Larsen C
would not significantly contribute to global sea level rise, but it is likely that the glaciers behind Larsen C
will increase their velocity after the collapse (as seen in prior ice shelf collapses) and make contact with
open ocean [27]. As those glaciers melt, they will contribute to sea level rise [27]. Figure 4 shows a
photograph of the rift in Larsen C taken in November 2016.
Figure 3. Graphic showing the growing rift in the Larsen C ice shelf with a to -scale size comparison with the country
of Wales [31].
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Figure 4. Photograph taken in November 2016 of the Larsen C rift [32].

Advances in satellite altimetry have allowed researchers to better understand the growing instability of
West Antarctica, where McMillan et al. found ice losses have increased 31% since 2010 [33]. Global sea
level rise resulting from a complete collapse of the West Antarctic Ice Sheet is estimated to be 11 feet (3.3
meters), with slightly higher levels along both the Pacific and Atlantic seaboards of the United States [34].
Greenland
Multiple studies have examined the instability of
the Greenland Ice Sheet and its present and
potential future contributions to sea level rise [35,
36, 37]. If melted completely, the Greenland Ice
Sheet would cause nearly 23 feet of global sea level
rise, but a complete melting would likely take
thousands of years and reflect no change in our
current rate of greenhouse gas emissions [35]. That
being said, the Greenland Ice Sheet has recently
experienced more surface melting than at any time
since 1979 (when monitoring via satellite began),
and several of its largest glaciers have doubled their
velocities, meaning they will likely drain the Ice
Sheet more rapidly [35]. Currently, mass loss from
the Greenland Ice Sheet is projected to increase sea level by 1.5 feet by 2100, but this could be
underestimated considering the increases in surface melt and glacier velocity [35].
Recent in situ observations of Greenland’s firn (the layer of snow being compacted into new glacier ice) by
Machguth et al. (2016) add to the body of literature explaining how Greenland Ice Sheet instability
contributes to sea level rise. Previous studies reported that the porous firn could act as a sponge for
melting ice and limit its flow to the sea; however, new evidence shows that ice layers near the surface of
the firn prohibit the percolation of water and instead force water to flow seaward [38]. This means that the
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firn may not help minimize loss of mass as much as previously thought and that the Greenland Ice Sheet’s
potential future contributions to sea level rise may again be underestimated [38].
Other research using remote sensing has shown that Greenland’s glaciers have begun flowing more quickly
in the past decade, as mentioned previously [35, 39]. Approximately half of the freshwater discharge from
the Greenland Ice Sheet comes through 12 quickly flowing “outlet” glaciers that are fed by the interior ice
sheet. Ice shelves attached to the outlet glaciers, often hundreds of feet thick, have started to break apart
and may be what has allowed the increased velocity of Greenland’s glaciers. It is thought that this
increased velocity and the associated discharge of ice may be the result of a longer summer melting season
in southern Greenland as a result of global warming [35]. Regardless of what has caused the glaciers to pick
up speed, the result has been a net decrease in the amount of ice on Greenland [35].
Ice melt on a the relatively small portion of Greenland below the 70th parallel was responsible for 1
centimeter of sea level rise throughout the entire globe between 1997 and 2003 [35]. Melting of the
Greenland Ice Sheet has continued, and, in 2012, a ridge of warm air remained unusually stagnant over
Greenland, resulting in melt occurring on more than 98% of the ice sheet’s surface—the most extensive
melt event on the Greenland Ice Sheet in more than a century [40].

GREENHOUSE GAS RELEASE
Greenhouse gas emissions from anthropogenic sources are well understood, but natural sources (also
known as biogenic sources) emit greenhouse gases as well. It is possible that with increased warming, we
may see increases in emissions from these biogenic sources, including from permafrost, wetlands, and
ocean sediment, which would further contribute to global climate change.
Melting Permafrost
As warmer air causes permafrost to thaw, areas of the poles that have been frozen for millennia will
become subject to microbial decomposition, which releases carbon dioxide emissions [41]. Models
simulating the thawing of permafrost beginning at the surface predict a net increase in atmospheric carbon
levels over the course of several decades [42]. In other words, these models predict that thawing
permafrost will release more carbon than can be captured by vegetation elsewhere [42]. Permafrost would
no longer help to sequester carbon and mitigate climate change at this point and would instead become a
source of carbon dioxide—a dramatic reversal. This shift is likely to take place by the year 2100 for areas
north of the 60th parallel (such as the northern territories of Canada, much of Alaska, and virtually all of
Greenland and Siberia) [41].
Melting of land ice may result in localized surface collapse in a process called thermokarst, which changes
the hydrology of the affected area by allowing surface water to collect in collapsed areas and expedite
localized thawing [42]. Permafrost thaw as a result of thermokarst happens much more rapidly (only a few
years in some cases) than thawing from warming air temperature alone [42]. Large-scale models that do
not consider the influence of thermokarst on permafrost dynamics may be underestimating how quickly
thawing will occur [42]. It will also be important to determine the likely extent of areas susceptible to
thermokarst. Grosse et al. (2013) found that vast areas of Siberian permafrost are vulnerable to such
events [43]. One such area, the Yamal Peninsula, has had at least one major crater formed from the
thawing of permafrost—now known as the Yamal Crater, discovered in 2014 (Figure 5) [44].
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Figure 5. Scientists descend into the Yamal Crater [45].

Von Deimling et al. (2015) modeled permafrost degradation and carbon dioxide and methane release [46].
Their model included processes such as soil-hydrologic conditions, various warming scenarios controlling
the amount of organic matter stored in wetlands and sediments, rates of aerobic and anaerobic carbon
release, and a simplified climate carbon model [46]. With increasing warming, the active layer of thaw and
carbon release will deepen [46]. Snow cover is an important insulation factor that can protect the
permafrost to some degree and keep the thaw layer from deepening as quickly [47], but a lack of snowcover mapping in the Arctic and the difficulty in predicting future snowfall have precluded it from the
model [46].
In any case, the high emissions scenario (RCP 8.5) predicts a sharp increase in permafrost thawing in the
second half of the 21st century [46]. It is still largely unclear, however, if any increase in permafrost thawing
will be sustained long-term; furthermore, the amount of greenhouse gas emitted from thawing will depend
on the decomposability of organic carbon at the thawed area, which can vary from place to place [42].
According to Schuur et al (2015), emissions from permafrost thaw are not expected to outstrip emissions
from fossil fuels but could become similar in magnitude. As such, emissions from thawing permafrost are
not likely to singularly cause abrupt climate change [42].
Emissions from Wetlands
Historically, wetlands have been considered important in sequestering atmospheric carbon dioxide through
the formation of peat (partially decomposed plant material) [48]. Wetlands remove carbon dioxide from
the atmosphere and store it in water-logged conditions, but these ecosystems can be susceptible to
climate change, such as extensive drought, which jeopardizes their ability to be carbon sinks. [49].
However, it is wetlands’ methane contributions that are thought to be most damaging to the climate [50].
Wetlands account for nearly one-third of the world’s total methane emissions [51], mainly because moist
environments with low oxygen levels are ideal for methane production. As a result, thawing of northern
latitude wetlands will increase methane contribution to the atmosphere [41, 50]. However, despite being
sources of methane emissions, the ecosystem services provided by wetlands—including being heat sinks in
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addition to carbon sinks—are thought to outweigh their contributions to atmospheric greenhouse gas over
the long-term [52].
Ocean Sediment
Marine sediments in the Arctic Ocean store large quantities of methane, and it is possible that changes in
the amount of sea ice or stratification of the water column may affect the long-term storage of that
methane [53]. For example, if less sea ice (which tends to inhibit wind speeds over bodies of water) results
in higher wind speeds, an increase of sea-air exchange of methane would likely follow [53]. This means that
methane trapped underwater from the decomposition of microbial material would have a greater chance
of escaping into the atmosphere if winds were allowed to exert more energy on the water surface [53].
Additional research on this topic has found that sediment in some shallow, nearshore areas emits more
methane than previously thought [54]. Shallow, well-mixed continental shelves make up approximately
one-third of the total continental shelf area, which suggests that methane emissions from marine sediment
could be underestimated [54]. As with the other sources, increased methane emissions from ocean
sediment would contribute to an acceleration of global climate change.

CONCLUSION
Nonlinear climate change, while still developing as a specialization within the climate science field, allows
us to begin to foresee the effects of drastic, abrupt climate change. These effects will likely be in the form
of various consequences of disrupted global ocean circulation, extreme sea level rise, and increased
greenhouse gas emissions from biogenic sources.
As a result, it is becoming clearer that we need to have a better understanding of nonlinear climate change
if we expect to be resilient to such abrupt changes. This concept is especially made apparent in light of the
paleoclimate data that show that similar nonlinear changes in the Earth’s climate have happened before,
with dramatic results. With huge areas of Antarctic ice shelves calving, the weakening of the Atlantic
Meridional Overturning Circulation, and the increasing prevalence of thermokarst in Arctic and sub-Arctic
permafrost, we seem to be experiencing the beginning phases of a near-future, drastic shift in our climate.
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