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The 10 hottest years on record (NOAA Global Climate Report)

Rank Year Anomaly 0C Anomaly 0F
1 2016 0.94 1.69
2 2015 0.90 1.62
3 2017 0.84 1.51
4 2014 0.74 1.33
5 2010 0.70 1.26
6 2013 0.67 1.21
7 2005 0.66 1.19
8 2009 0.64 1.15
9 1998 0.63 1.13
10 2012 0.62 1.12

Table: From 1880–2017, the 10 warmest years for the global combined land
and ocean annual average temperature. Anomaly is computed against the
20th century average of 13.9◦C (57.0◦F). 2017 is the warmest year on record
without an El Niño present in the Pacific Ocean.
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Figure: Global mean surface temperature change since 1880. Source: NASA
Goddard Institute for Space Studies
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How much warmer was your city in 2016?

Click Here

AccuWeather database of 5,000 cities

For 2016, 90% of them recorded annual mean temperatures
above average.
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Figure: 2017 Global Significant Weather and Climate Events. Source: NOAA
Global Climate Report https://www.ncdc.noaa.gov/sotc/global/201713
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Loss of Arctic Sea Ice
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Figure: The Arctic sea ice extent for December 2017 (second lowest on
record). The magenta line is average extent for December over 1981–2010
(satellite records).
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Loss of Arctic Sea Ice

Figure: The monthly December sea ice extent for 1978–2017 shows a 3.7%
loss per decade.
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Figure: Differences in December 2017 air temperatures (in ◦C) from the
average, measured about 2,500 feet above sea level. Parts of central Alaska
were more than 18◦F above average!
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The Great Greenland Thaw in July 2012

Figure: Around 97% of the Greenland ice sheet experienced melting during
the middle of July in 2012 (pink and red), up from a usual average of 50%.
Most of the melt water refreezes; however, if the entire sheet were to melt,
sea level could rise 24 feet!
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Disappearing Glaciers in Greenland

that mark the greatest extent of the glaciers during the Little Ice Age at 
the end of the nineteenth century. 

They used these data, along with more recent aerial surveys, to deter-
mine how the height of the glaciers has shifted, which provides a way 
to track changes in the ice mass. Their results indicate that the mean 
annual rate of ice loss between 2003 and 2010 was more than double the 
average for the twentieth century4. Moreover, striking spatial differences 
seem to confirm that the ice sheet’s response to changing climates is gov-
erned by the topography of the underlying bedrock and by the geometry 
of the fjords through which outlet glaciers are flowing towards the sea.

UNRULY ICE
Greenland’s glaciers have been fickle over the past century, advancing  
in some places and retreating in others. By discovering when those 
changes happened and what kind of conditions prevailed at the time, 
Bjørk and his co-workers hope to shed light on the ice sheet’s compli-
cated mechanics — a missing piece in attempts to model its waxing and 
waning accurately.

But nailing the ice sheet’s behaviour requires looking at as many  
individual glaciers as possible. This is just what Bjørk and his group 
are doing now. Using all available historic records from Greenland, 
including pictures of glaciers in the least-explored high north, alongside  
modern satellite imagery, he aims to reconstruct the history of the 
island’s 309 biggest glaciers in unprecedented detail. 

The work is in full swing. On most days, two of his students toil 
away in the basement of the museum in front of computers, clicking 
on boulders, cliffs and other recognizable features that can be spotted 
in photographs taken decades apart. These are control points, which 
allow the researchers to match pictures captured at different alti-
tudes and angles. Most aerial pictures were not taken looking straight 
down and hence lack a single scale. All of these oblique pictures need 
to be converted, one by one, to vertical views so that they can be 
transferred onto a common coordinate system. Without doing this  
geo-rectification, the researchers could not accurately measure the 
glaciers’ advances and retreats.

Photos are not the only source of information. In the Arctic Institute 
on a sunny afternoon, Bjørk looks at sketches that the German geologist 
Alfred Wegener produced during his last expedition, shortly before he 
died in November 1930 near an ice camp in central Greenland. Other 
albums hold illustrations of glaciers that scientists made during field 
trips in a cold spell in the late nineteenth century. 

So far, he has discovered about 600 sketches and paintings that might 
help to tell the story of Greenland’s glaciers before aerial photographs 

first became available. For some glaciers, official aerial pictures don’t 
exist. To fill the gaps, he is also consulting privately held images that 
geologists have taken over the years. “New information is coming up 
from all sides,” he says. 

In 2014, the daughters of two pilots involved in the 1930s surveys 
offered Bjørk their large collections of photos and even an 8-millimetre 
film their fathers had taken during the campaigns. 

The emerging story is that ice disappeared very fast in the early  
twentieth century in the warming that followed the end of the Little  
Ice Age. Then the subsequent cool spell brought widespread glacial 
advances. The profound switch between shrinking and surging sug-
gests that the glaciers are more sensitive to warmings and coolings than 
researchers had previously thought, says Bjørk. But why some glaciers 
advanced forcefully at given periods and temperatures whereas others 
did not is still a puzzle. 

NASA has launched the Oceans Melting Greenland (OMG) project, 
led by Rignot, to provide glaciologists and ice-sheet modellers with 
unprecedented base maps of fjord bathymetry and other informa-
tion needed to determine how glaciers interact with the sea. That is 
where one of Bjørk’s latest discoveries could prove useful. The historic 
records of sea-surface temperature that he unearthed can be combined 
with the individual histories of different glaciers to see how those that 
end in the ocean responded to changing marine conditions. The past 
behaviour of the ice, Rignot says, “matters a great lot when it comes to  
projecting its fate”.

After all, the ultimate goal of this historical research is to look  
forward. Along with palaeoclimatic data from hundreds and thousands 
of years ago, the findings of Bjørk and his colleagues from the recent past 
promise to increase confidence in the projections of ice-sheet models, 
says Richard Alley, a glaciologist at Pennsylvania State University in 
University Park. “We need history as well as modern observations to 
build and test predictive models.”

For Bjørk, the historical research goes well beyond science. It also 
connects him with the pioneering scientists and explorers he grew up 
admiring. He is grateful that their legacy is finally being dug out from 
the crypt. “It’s part of Nordic history,” he says, “and a real gift to modern 
science.” ■

Quirin Schiermeier writes for Nature from Munich, Germany.

1. Bjørk, A. A. et al. Nature Geosci. 5, 427–432 (2012).
2. Gregory, J. M., Huybrechts, P. & Raper, S. C. B. Nature 428, 616 (2004).
3. Csatho, B. M. et al. Proc. Natl Acad. Sci. USA 111, 18478–18483 (2014).
4. Kjeldsen, K. K. et al. Nature 528, 396–400 (2015).

Photographs of Ujaraannaq Valley in southwest Greenland in summer in 1936 (left) and in 2013 show that several glaciers have disappeared.

L:
 D

AN
IS

H
 G

EO
D

AT
A 

AG
EN

C
Y;

 H
AN

S 
H

EN
R

IK
 T

H
O

LS
TR

U
P

/ 
R

: N
AT

. H
IS

T.
 M

U
S.

 D
EN

M
AR

K
 

2 8  J U L Y  2 0 1 6  |  V O L  5 3 5  |  N A T U R E  |  4 8 3

Figure: Aerial photos of the Ujaraannaq Valley (southwest Greenland) taken
in the summer of 1936 (left) and in 2013 (right) showing severe glacier loss.
Source: “The ice historians,” Q. Schiermeier, Nature 535, July 28, 2016, pp. 480–483.
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Decline of the Greenland Ice Sheet

Figure: “Nobody expected the ice sheet to lose so much mass so quickly,"
Isabella Velicogna, geophysicist at the University of California, Irvine. Source:
“The great Greenland meltdown,” E. Kintisch, Science, Feb. 23, 2017,
doi:10.1126/science.aal0810
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Impacts of Global Warming

1 Rising sea level and increased coastal flooding.

2 Longer and more damaging wildfire seasons.

3 More powerful and damaging hurricanes largely caused by rising
ocean temperatures.

4 Increase in extreme weather events (heat waves, coastal flooding,
droughts). This has obvious impacts on our food supply.

5 Ocean acidification (higher acidity near surface due to excess
carbon dioxide) and long-term damage to coral reefs.
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The Destructive 2017 Hurricane Season

Figure: Three simultaneous hurricanes on Sept. 8, 2017: Katia (left), Irma
(center) and Jose (right). The year 2017 saw 17 storms and 10 hurricanes, 6
of which were Category 3 or higher. Image Source: NOAA Suomi NPP satellite
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Hurricane Sandy (2012)

Figure: Before 2017, Sandy was the second-most costly hurricane in US
history after Katrina. It is the largest Atlantic storm on record, spanning 1,100
miles in diameter. Source: LANCE MODIS Rapid Response Team at NASA GSFC
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Hurricane Sandy (2012)

Figure: A roller coaster off the Jersey shore after Hurricane Sandy.
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Vanishing Rivers?!

Receding glacier causes immense Canadian
river to vanish in four days
First ever observed case of ‘river piracy’ saw the Slims river disappear as intense glacier melt
suddenly diverted its flow into another watercourse

Hannah Devlin Science correspondent

A view of the ice canyon that now carries meltwater from the Kaskawulsh glacier, seen here on the right, away from the Slims river
and toward the Kaskawulsh river. Photograph: Dan Shugar/University of Washington Tacoma

Monday 17 April 2017 11.00 EDT

An immense river that flowed from one of Canada’s largest glaciers vanished over the course
of four days last year, scientists have reported, in an unsettling illustration of how global
warming dramatically changes the world’s geography.

The abrupt and unexpected disappearance of the Slims river, which spanned up to 150
metres at its widest points, is the first observed case of “river piracy”, in which the flow of
one river is suddenly diverted into another.

For hundreds of years, the Slims carried meltwater northwards from the vast Kaskawulsh

 

Receding glacier causes immense Canadian river to vanish in four da... https://www.theguardian.com/science/2017/apr/17/receding-glacier-...

1 of 4 5/9/17, 1:13 PM

“Receding glacier causes immense Canadian river to vanish in four
days,” — headline in The Guardian, April 17, 2017
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River Piracy: The Loss of the Slims River

Water melting from the vast Kaskawulsh glacier (Yukon, Canada)
usually feeds the northward flow of the Slims river.

The Slims in turn fed the Kluane river, which flows into the Yukon
river and eventually into the Bering Sea (Western Alaska).
In the spring of 2016, intense melting severely altered the
drainage (gradient) flow toward the Kaskawulsh and Alsek rivers,
which dump into the Gulf of Alaska thousands of miles from the
original destination.
“We went to the area intending to continue our measurements in
the Slims river, bur found the riverbed more or less dry. The delta
top that we’d been sailing over in a small boat was now a dust
storm.” — James Best (geologist, University of Illinois).

Reference: “River piracy and drainage basin reorganization led by
climate-driven glacier retreat,” Shugar (et. al.), Nature Geoscience
(May 2017) 10, pp. 370–376.
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NATURE GEOSCIENCE DOI: 10.1038/NGEO2932 ARTICLES
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Figure 1 | Satellite image showing the Slims, Kaskawulsh and upper Alsek rivers, and Kluane Lake. Locations of river and lake gauges are shown with
white stars. Yellow lines with arrows represent pre-2016 flow paths of the Slims and Kaskawulsh rivers. Inset map of Alaska and Yukon shows the Yukon
(pink shading) and Alsek (blue shading) watersheds. Red star indicates study area at the south end of Kluane Lake.

‘Slims Lake’ and ‘Kaskawulsh Lake’ (Fig. 2). Outflow from Slims
Lake has historically been northward into Kluane Lake via Slims
River, whereas outflow from Kaskawulsh Lake has historically been
southward to Alsek River via Kaskawulsh River (Fig. 1). A 1956
aerial photograph9 shows a small Slims Lake on the west side of the
glacier terminus. Only isolated ponds are visible in 1972 and 1980,
with no lake at all in 1990 (Fig. 2). However, by 2000, Slims Lake
had grown to 1.1⇥106 m2, and by 2015 its area had increased more
than threefold to 3.9⇥ 106 m2 (Fig. 2b,h). ByAugust 2016 (Fig. 2b,i),
Slims Lake had partially drained, its area decreasing to 1.0⇥106 m2,
stranding the outlet of Slims River ⇠17m above the level of the
remnant water body.

The earliest Landsat scene (2 September 1972) shows a small
(⇠1.1⇥ 106 m2) Kaskawulsh Lake at the east margin of the glacier
terminus (Fig. 2). The lake expanded to⇠1.9⇥106 m2 by 2010, and
to⇠2.7⇥106 m2 by 2015. By early July 2016, its size was three times
that in 1982 (⇠3.3⇥106 m2).

Drainage reorganization in 2016
Although the Slims River gauge record has gaps (Fig. 3g), a clear
reduction in river level is apparent in May 2016. Normal diurnal
fluctuations ended with an abrupt four-day drop in river level
commencing on 26 May 2016. Over the remainder of the summer
of 2016, the level of Slims River was 0.7–1.0m below the average for
those days. Our acoustic Doppler current profiler measurements at
the Slims River bridge on 3 September 2016, indicated a discharge of
⇠11m3 s�1, less than that reported following the 1970 (⇠21m3 s�1)
diversion. Although we have no measurements immediately prior
to the 2016 piracy, pre-diversion flows of ⇠130m3 s�1 have been
reported for 197020.

The reduction of Slims River flow has had substantial e�ects at
Kluane Lake. The lake had a record minimum water level in early
May 2016 (Fig. 3a–c), about 0.1m below its previously recorded low
inMay 2015. By the time of its normal seasonal peak (early August),
the lake was ⇠1.7m below its long-term mean level and 1m below

NATURE GEOSCIENCE | VOL 10 | MAY 2017 | www.nature.com/naturegeoscience

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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The Loss of the Slims River: Tipping PointsARTICLES NATURE GEOSCIENCE DOI: 10.1038/NGEO2932
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Figure 2 | Time series of Kaskawulsh Glacier terminus and lake extents. a, Map of southwest Yukon showing the location of Kluane Lake
(SPOT-5 08-14-15). Kaskawulsh Glacier (1,053 km2), one of the main outlet glaciers of the St Elias Icefield, the largest non-polar icefield in the world28,
flows ⇠80 km east from the St Elias Mountains and terminates at a drainage divide. The white box in a shows the area of the satellite images in c–i.
b, Changes in the areal extent of lakes at the terminus of Kaskawulsh Glacier from 1972 to 2016. c–i. Landsat images showing changes to the terminus of
Kaskawulsh Glacier and its proglacial lakes on an approximately decadal timescale. KR, Kaskawulsh River; SR, Slims River; KLG, Kluane Lake gauge; SRG,
Slims River gauge; KGl, Kaskawulsh Glacier; SL, Slims Lake; KL, Kaskawulsh Lake. Dashed yellow lines in c–i indicate extents of the two lakes. Dashed black
lines delineate glacier terminus.

its lowest recorded level for that time of year. The lowering of Kluane
Lake in 2016 equates to a volumetric reduction of⇠0.67 km3 relative
to the historic average.

Alsek River discharge (Fig. 3d–f) fluctuated around the historic
mean until early July 2016, after which it rose sharply and fluctuated
around the historic maximum level for that time of year, at times
exceeding it by ⇠1m. The peak discharge in 2016 occurred on
20 July (1,470m3 s�1), which is nearly as high as any previously
recorded peak flow (1,550m3 s�1, 13 July, 1989) and 87% higher
than the average peak discharge during the 41-yr period of record
(783m3 s�1). The elevated discharge was probably the result of

the emptying of the eastern part of Slims Lake and lowering of
its western part, with the consequent re-routing of water from
Slims River into Kaskawulsh River. By October 2016, Alsek River
discharge had dropped to its historic mean, reflecting the reduction
in discharge from glacier melt at the end of the summer.

About 15mm of rain fell at Haines Junction on 2 May 2016,
but there was little other precipitation during the first half of
2016 (Supplementary Fig. 2). It is therefore unlikely that rainfall
contributed significantly to themid-summer increase in Alsek River
discharge. Meteorological records from Haines Junction and the
Kaskawulsh Glacier nunatak indicate that mean daily temperatures

372

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

NATURE GEOSCIENCE | VOL 10 | MAY 2017 | www.nature.com/naturegeoscience

Water coming from the glacier typically split between two rivers;
suddenly, it began flowing to just one. Slims reduced to a trickle,
while the Alsek grew to 60–70 times its previous size.

“There are definitely thresholds which, once passed in nature,
everything abruptly changes.” — Lonnie Thompson
(paleoclimatologist, Ohio State University).
A small change in one quantity (temperature) can cause dramatic
changes elsewhere (loss of a river). In dynamical systems theory,
this is the butterfly effect. In climate science, this is called a tipping
point. We will call such points bifurcations.
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its lowest recorded level for that time of year. The lowering of Kluane
Lake in 2016 equates to a volumetric reduction of⇠0.67 km3 relative
to the historic average.

Alsek River discharge (Fig. 3d–f) fluctuated around the historic
mean until early July 2016, after which it rose sharply and fluctuated
around the historic maximum level for that time of year, at times
exceeding it by ⇠1m. The peak discharge in 2016 occurred on
20 July (1,470m3 s�1), which is nearly as high as any previously
recorded peak flow (1,550m3 s�1, 13 July, 1989) and 87% higher
than the average peak discharge during the 41-yr period of record
(783m3 s�1). The elevated discharge was probably the result of

the emptying of the eastern part of Slims Lake and lowering of
its western part, with the consequent re-routing of water from
Slims River into Kaskawulsh River. By October 2016, Alsek River
discharge had dropped to its historic mean, reflecting the reduction
in discharge from glacier melt at the end of the summer.

About 15mm of rain fell at Haines Junction on 2 May 2016,
but there was little other precipitation during the first half of
2016 (Supplementary Fig. 2). It is therefore unlikely that rainfall
contributed significantly to themid-summer increase in Alsek River
discharge. Meteorological records from Haines Junction and the
Kaskawulsh Glacier nunatak indicate that mean daily temperatures
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Water coming from the glacier typically split between two rivers;
suddenly, it began flowing to just one. Slims reduced to a trickle,
while the Alsek grew to 60–70 times its previous size.
“There are definitely thresholds which, once passed in nature,
everything abruptly changes.” — Lonnie Thompson
(paleoclimatologist, Ohio State University).

A small change in one quantity (temperature) can cause dramatic
changes elsewhere (loss of a river). In dynamical systems theory,
this is the butterfly effect. In climate science, this is called a tipping
point. We will call such points bifurcations.

Roberts (Holy Cross) Climate Change and Global Warming Math and Climate 21 / 26



The Loss of the Slims River: Tipping PointsARTICLES NATURE GEOSCIENCE DOI: 10.1038/NGEO2932

0

1

2

3

4
Kaskawulsh Lake
Slims Lake

138.3138.5138.8

61.0

a

d e f

g h i

cb

60.8

KR

SR

KGl

SRG
KLG

0 2 4 km

Landsat 1; 2 Sept. 1972

Landsat 7; 9 July 2000

Landsat 8; 25 July 2015 Landsat 8; 4 July 2016

A
re

a 
(1

06  m
2 )

Alaska Yukon

KL

SL

0 9 km

1970 1980 1990 2000
Year

2010 2020

Landsat 5; 20 July 1990Landsat 2; 25 June 1980

Longitude (° W)

La
tit

ud
e 

(°
 N

)

Landsat 7; 14 Sept. 2010

Figure 2 | Time series of Kaskawulsh Glacier terminus and lake extents. a, Map of southwest Yukon showing the location of Kluane Lake
(SPOT-5 08-14-15). Kaskawulsh Glacier (1,053 km2), one of the main outlet glaciers of the St Elias Icefield, the largest non-polar icefield in the world28,
flows ⇠80 km east from the St Elias Mountains and terminates at a drainage divide. The white box in a shows the area of the satellite images in c–i.
b, Changes in the areal extent of lakes at the terminus of Kaskawulsh Glacier from 1972 to 2016. c–i. Landsat images showing changes to the terminus of
Kaskawulsh Glacier and its proglacial lakes on an approximately decadal timescale. KR, Kaskawulsh River; SR, Slims River; KLG, Kluane Lake gauge; SRG,
Slims River gauge; KGl, Kaskawulsh Glacier; SL, Slims Lake; KL, Kaskawulsh Lake. Dashed yellow lines in c–i indicate extents of the two lakes. Dashed black
lines delineate glacier terminus.
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The Vital Role of Applied Mathematics

Click Here

Math Behind Sea Ice and Our Changing Planet: Video published by
Society for Industrial and Applied Mathematics (SIAM) featuring Emily
Shuckburgh (Deputy-Head, Polar Oceans, British Antarctic Survey)
and Kenneth M. Golden (Distinguished Professor of Mathematics,
University of Utah)

“We wouldn’t be able to start understanding climate change if it
wasn’t for our understanding of applied math.” — Emily
Shuckburgh

“Over the past 10-20 years we’ve lost over half of the summer
Arctic sea ice pack.” — Ken Golden
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Course Overview/Goals

1 Climate is measured by averaging the weather over space and
time, typically over long time periods such as decades, centuries,
or millennia.

2 Learn and apply some of the mathematical techniques pertinent to
the field of climate science. Areas: differential equations,
dynamical systems, calculus, linear algebra, and statistics.

3 Inherently interdisciplinary study: physics, chemistry, geology,
environmental studies, computer science, statistics, and applied
mathematics.

4 We will focus on low-dimensional (conceptual) climate models.
Even one-variable models can reveal interesting dynamical
behavior. Can’t run controlled climate experiments of the planet.
Need mathematical models!

Roberts (Holy Cross) Climate Change and Global Warming Math and Climate 23 / 26



Course Overview/Goals

1 Climate is measured by averaging the weather over space and
time, typically over long time periods such as decades, centuries,
or millennia.

2 Learn and apply some of the mathematical techniques pertinent to
the field of climate science. Areas: differential equations,
dynamical systems, calculus, linear algebra, and statistics.

3 Inherently interdisciplinary study: physics, chemistry, geology,
environmental studies, computer science, statistics, and applied
mathematics.

4 We will focus on low-dimensional (conceptual) climate models.
Even one-variable models can reveal interesting dynamical
behavior. Can’t run controlled climate experiments of the planet.
Need mathematical models!

Roberts (Holy Cross) Climate Change and Global Warming Math and Climate 23 / 26



Course Overview/Goals

1 Climate is measured by averaging the weather over space and
time, typically over long time periods such as decades, centuries,
or millennia.

2 Learn and apply some of the mathematical techniques pertinent to
the field of climate science. Areas: differential equations,
dynamical systems, calculus, linear algebra, and statistics.

3 Inherently interdisciplinary study: physics, chemistry, geology,
environmental studies, computer science, statistics, and applied
mathematics.

4 We will focus on low-dimensional (conceptual) climate models.
Even one-variable models can reveal interesting dynamical
behavior. Can’t run controlled climate experiments of the planet.
Need mathematical models!

Roberts (Holy Cross) Climate Change and Global Warming Math and Climate 23 / 26



Course Overview/Goals

1 Climate is measured by averaging the weather over space and
time, typically over long time periods such as decades, centuries,
or millennia.

2 Learn and apply some of the mathematical techniques pertinent to
the field of climate science. Areas: differential equations,
dynamical systems, calculus, linear algebra, and statistics.

3 Inherently interdisciplinary study: physics, chemistry, geology,
environmental studies, computer science, statistics, and applied
mathematics.

4 We will focus on low-dimensional (conceptual) climate models.
Even one-variable models can reveal interesting dynamical
behavior. Can’t run controlled climate experiments of the planet.
Need mathematical models!

Roberts (Holy Cross) Climate Change and Global Warming Math and Climate 23 / 26



Sample Questions of Inquiry

1 What determines the Earth’s surface temperature and how does it
vary by latitude?

2 What are the typical steady states for the Earth’s climate system
and how have these evolved over the history of the planet?

3 What are “tipping points” and how do mathematicians study them?

4 Why does the carbon dioxide in the atmosphere affect the climate?

5 How do changes in the Earth’s celestial orbit affect the climate?

6 Why has the Earth cycled through ice ages over the last million
years?

Roberts (Holy Cross) Climate Change and Global Warming Math and Climate 24 / 26



Sample Questions of Inquiry

1 What determines the Earth’s surface temperature and how does it
vary by latitude?

2 What are the typical steady states for the Earth’s climate system
and how have these evolved over the history of the planet?

3 What are “tipping points” and how do mathematicians study them?

4 Why does the carbon dioxide in the atmosphere affect the climate?

5 How do changes in the Earth’s celestial orbit affect the climate?

6 Why has the Earth cycled through ice ages over the last million
years?

Roberts (Holy Cross) Climate Change and Global Warming Math and Climate 24 / 26



Sample Questions of Inquiry

1 What determines the Earth’s surface temperature and how does it
vary by latitude?

2 What are the typical steady states for the Earth’s climate system
and how have these evolved over the history of the planet?

3 What are “tipping points” and how do mathematicians study them?

4 Why does the carbon dioxide in the atmosphere affect the climate?

5 How do changes in the Earth’s celestial orbit affect the climate?

6 Why has the Earth cycled through ice ages over the last million
years?

Roberts (Holy Cross) Climate Change and Global Warming Math and Climate 24 / 26



Sample Questions of Inquiry

1 What determines the Earth’s surface temperature and how does it
vary by latitude?

2 What are the typical steady states for the Earth’s climate system
and how have these evolved over the history of the planet?

3 What are “tipping points” and how do mathematicians study them?

4 Why does the carbon dioxide in the atmosphere affect the climate?

5 How do changes in the Earth’s celestial orbit affect the climate?

6 Why has the Earth cycled through ice ages over the last million
years?

Roberts (Holy Cross) Climate Change and Global Warming Math and Climate 24 / 26



Sample Questions of Inquiry

1 What determines the Earth’s surface temperature and how does it
vary by latitude?

2 What are the typical steady states for the Earth’s climate system
and how have these evolved over the history of the planet?

3 What are “tipping points” and how do mathematicians study them?

4 Why does the carbon dioxide in the atmosphere affect the climate?

5 How do changes in the Earth’s celestial orbit affect the climate?

6 Why has the Earth cycled through ice ages over the last million
years?

Roberts (Holy Cross) Climate Change and Global Warming Math and Climate 24 / 26



Sample Questions of Inquiry

1 What determines the Earth’s surface temperature and how does it
vary by latitude?

2 What are the typical steady states for the Earth’s climate system
and how have these evolved over the history of the planet?

3 What are “tipping points” and how do mathematicians study them?

4 Why does the carbon dioxide in the atmosphere affect the climate?

5 How do changes in the Earth’s celestial orbit affect the climate?

6 Why has the Earth cycled through ice ages over the last million
years?

Roberts (Holy Cross) Climate Change and Global Warming Math and Climate 24 / 26



Course Objectives

1 Learn, apply, and synthesize the mathematical techniques used in
climate science.

2 Develop skills to understand and modify mathematical models.

3 Final Project: Conduct a detailed investigation into a research
topic concerning the mathematics of climate. Create or adjust a
known climate model and/or analyze real world data.

4 Work and communicate with your peers.

5 Have FUN applying your mathematical skills to an important
discipline.

Field trip to Harvard Forest (mid-April). Meet climate scientists and
learn about their research.

Movie night: The Day After Tomorrow
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Sample Research Project (Cara Donovan)

Figure 3:
The position of the ice line as alphas varies. Curve of equlibria shown in 
red. Figure generated in Maple.

Figure 4:
The number of equilibrium solutions as alphas and A vary. Red corresponds to 2 
equilibrium solutions (1 stable, 1 unstable), green corresponds to 1 equilibrium 
solution and blue corresponds to no equilibrium solutions. � represents 
Neoproterozoic conditions, ★ represents current climate conditions. Figure 
generated in MATLAB.

Less CO2

More CO2

★

�

Left figure: Different phase lines for the ice-line (η) as the albedo for
snow-covered ice (αs) is varied in the Budyko-Widiasih Energy
Balance Model (land concentrated near equator).

Right figure: The number of equilibria and the fate of the climate as the
parameters A and αs vary in the model. The star is our current climate
conditions while the dot represents the Neoproterozoic era.
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