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Out of 1.386 billion
km3 of water on earth,
97.44% is salt water,
2.53% is fresh water,
most of which are kept
in polar ice caps (70%)
& in groundwater (29%)
Only 1% surface water
Lake Baikal (largest) &
the Great Lakes each
takes up 20% of world’
fresh
water
from
streams & lakes.

Renewable Global Water
Resources = 42,780 km3/yr
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• Asia (largest) =
13,510 km3/yr
• North America
= 7890 km3/yr.
• Year to year
variability,
seasonal
and
even
monthly
variability are
also crucial in
the
economic
uses of water.
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• Due to population growth, the global average potential water
availability decreases from 12,900 m3/yr/capital in 1970 to
7,600 m3/yr/capital in 1994, 6100 m3/yr/capital in 2014.

Antarctic Ice Sheet (24.7 million Km )
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Earth's

polar ice
sheets,
which
cover most of
Greenland (2.85
million Km3) and
Antarctica,
contain about 70
% of the world's
fresh water.
If AIS melts,
sea level will rise
57m globally

• NOAA-AVHRR Image of Antarctica. Surface
temperatures on the continent vary from warmer,
lower regions (in shades of pink) to colder, higher
regions (in shades of blue).

Antarctic Ice Sheet

Icebergs around the
Antarctic Peninsula
with a boat for scale b
Nick Golledge

The Antarctic has about 90% of the ice on Earth. If Earth’s
oceans and atmosphere continue to warm at the rates
projected by most climate models, over the next few hundred
years, the Antarctic ice sheets could melt enough to cause a
sea level rise by several meters (Golledge et al., 2017).

Atmospheric Water
• Water vapor plays a remarkable role in
the sky yet water vapor only accounts
for about 0.25% of the atmosphere’s
total mass.
• If all water vapor in the sky condenses,
it is equivalent to about 2.5 cm of
liquid water, but as a key greenhouse
gas, it partitions the solar energy &
regulates atmospheric circulation.
• Volume of Water Vapor in sky ≈ 13,000 km3.
• Fresh water on Earth’s terrestrial surface is close to 3
thousand times more abundant than atmospheric water.
• In contrast, the global ocean, if spreads uniformly over
Earth’s surface, would have an average 2.8 km depth.

Mean Annual Precipitation

• Uneven spatial distribution of precipitation globally

Annual Mean Precipitation trends (%/Century) for 1900 to 2005
Annual Precipitation Time Series (% of mean, 1961-1990 Mean given at top

World Surface Runoff

• Surface runoff is very variable spatially &
temporally

Regions Suffering Water Stress

Southern
Prairies

• Parts of USA, Canada, South America, Africa, Europe &
Asia suffer medium to severe Water Stress

•
•
•
•

Water Stress

Categories of water stress:
Low
< 1700 – 2000 m3/yr/capital
Catastrophically low <1000 m3/yr/capital
Greatest water availability in Canada,
Alaska, & Oceania = 17,000 – 18,000
m3/yr/capital
• Asia, central and southern Europe, &
Africa = 1200 – 5000 m3/yr/capital

World’s Arid & Semi-arid Regions

Global Normalized Difference
Vegetation Index (NDVI) 1984-2004

• Red and yellow colour denotes grid points with
NDVI values of 0.2 over Africa and 0.8 over
Amazonia. NDVI is closely related to wetness.

• PDSI = Palmer Drought Severity Index

• Forcing the Community Land Model Ver. 3 (CLM3) with observed
climate and NCEP/NCAR reanalysis data of 1950 to 2008, CLM3
simulated soil moisture patterns that are similar to that of
PDSI_pm, and they both suggest that drying had occurred much of
Africa and some other continents during the last 60 years.

• Generally more negative runoff trends than precipitation trends
especially in central to southern Africa, which was because
increase in evaporation loss due to warming (temperature increase
≥ 1oC) tends to offset the change in precipitation of Africa

The anomaly time series given shows very
different trends after about 1990

• Time series of global land (60° S to 75° N) precipitation
departures from the annual mean. The base period is
1961–1990 except for GPCP, where 1981–2000 was used.

Self-calibrating Palmer Drought
Severity Index (scPDSI_PM)

• Time series of global-mean annual scPDSI_PM. The
base period used was 1950–1979. All except the CRU
TS3.10.01 precipitation case show a statistically
significant drying trend (p<0.05).

Global Energy Balance

The Sun

• Solar Energy is the driving force behind
our hydrologic cycle and climate system.
• Solar Constant (average solar energy
reaching top of atmosphere) ≈ 1.35 KW/m2
• However, solar radiation received varies
widely: seasons, diurnal cycle, latitude, cloud
cover, etc.

Radiation of a Blackbody
• Blackbody = A perfect absorber and
radiator of electromagnetic radiation.
• According to Planck’s Law, the spectral
radiant exitance (units such as Wm-2μm1) of this blackbody radiation in terms
of frequency & wavelength, Ef, and, Eλ,
are
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• h (Planck’s constant)

=6.626x10-34Joule-sec

Stefan-Boltzmann’s law
Blackbody Exitance or Radiation

• By integrating Eλ or Ef over all
wavelengths, & assuming the radiation is
isotropic, we obtain the total radiant
exitance, M of a black body
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• Where λ = wavelength, f = frequency, Eλ =
Radiation at λ, k (Boltzman’s constant) = 1.3807
x 10-23 J K-1, c (velocity of light) = 2.99792458 x
108 m s-1, σ ≈ 5.67 x 10-8 Wm-2K-4, StefanBoltzmann constant.

Emissivity – Atmospheric
Properties
• A perfect blackbody is merely a theoretical
concept. So the actual radiant exitance M of
any body is given by

M   T

4

• Emissivity ε(λ) is dependent on λ, 0 ≤ ε(λ) ≤ 1.
• Typical ε(λ) in the 8-12μm range are about 0.99
for water, 0.98 for snow or ice, 0.95 for moist
soil, and 0.92 for dry soil.
• Microwave range (1 mm to 1 m), vegetation still
has ε(λ) > 0.85. Dry snow has ε(λ) ≈ 0.6, which
decreases as melting occurs because of the
high dielectric constant of water.

• Solar radiation (short wave) Es= Between
the ultraviolet (0.1 – 0.3 m) and the near
infrared red (0.7 to 1.8 m), around 0.5
m, the visible light.
• Longwave Radiation (EL)The earth and
the atmosphere (EL), at about 287 to
288oK, emits entirely infrared radiation
of wavelength ranges from 5 to 30 m.
• Solar constant is only 1.97 ly min-1 or
1380 Wm-2, the amount of solar energy
the earth intercepted is only about 2 x
10-5 in fraction of the total solar output.

Solar Irradiance E
• From M   T 4, an
effective
solar
surface temperature of 5800oK & ε ≈ 0.98,
solar radiant exitance M ≈ 6.29 x 107 Wm-2.
• Assuming that the sun is a sphere of radius ≈
6.96 x 108m, and it is at a distance of about
150 million km (1.5 x 1011 m) away from the
earth, and the theoretical solar irradiance E
works out to be about 1353 Wm-2,e.g.,
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8.7

Mean annual
Sunspot
number
showing
11-year
Schwabe Cycle

• Sunspots – Cooler
& darker regions on
Solar disk that dim
the sun
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Solar Irradiance &
Sunspot Variations

• Average solar irradiance ≈ 1366 W/m2
• It varies ≈ 0.1% (maximum to minimum) at 11-year

Annual orbital characteristics and variations
of the Earth around the Sun that gives rise
to four seasons and glacial cycles

δ

Antarctic CO2 & CH4 concentrations correlate well with the
climate proxy δD. The current CO2 concentration (400ppm
in 2014) is far higher than it has been over the past
650,000 years
δD= δ18O isotopes

• Ice cores

Glacial periods

drilled
from
Vostok
Station,
Antarctica

Solar energy from a disk
spread over a sphere

Figure 8.8

• .

Solar
energy passing through
a “hoop” (circular disk)
with the same radius
(R) as that of the
Earth, hits the Earth.
Radiation that misses
the hoop also misses
the Earth.

Figure 5.4

• Energy is transferred by Radiation, Convection & Conduction.
• Incoming solar radiation (short wave) during daytime ≈ 1,370
Wm2, but the global average is about ¼ of this (≈342 Wm2).
• Why? Because area of disk=πr2, & area of sphere=4 πr2.
• Planetary albedo ≈ 30% (due to clouds, aerosols, snow, ice &
deserts), & the remaining radiation (≈240 Wm2) absorbed by
the earth is re-radiated back to outer space in terms of
longwave radiation.
• As a sphere, the tropics receive more solar energy than the
polar (both Arctic & Antarctic) regions.
• Why? Because solar radiation strikes the poles at lower
angles than that at the Tropics.

Simple Global Temperature Model
Black body = σAT4
radiation

If the annual global average temperature



is -19oC, will there be life on earth?
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The Greenhouse Effect – Raise Earth’s
temperature by about 34oC!!
(a) Some IR radiated from the Earth’s
surface passes through a relatively clear IR
window between about 7 & 13 μm, (b) Most,
however, is absorbed by greenhouse gases in
the atmosphere
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Some energy is radiated
back into space by the
Earth in the form of Some of this outgoing
infrared radiation is trapped
infrared waves
by the Earth’s atmosphere
and warms it

Most of this radiation is
absorbed by the Earth
and warms it

Annual Global Energy Balance (IPCC, 2007)

About 1/3 of the incoming solar radiation of 342 Wm-2 (107 Wm-2) is
reflected back to the outer space, 67 Wm-2 is absorbed by the
atmosphere, & only 168 Wm-2 is absorbed by the surface, which
together with the back radiation due to the greenhouse effect of 324
Wm-2, sums up to 492 Wm-2. As a blackbody at about 15oC, the Earth
emits 390 Wm-2, which with 78 Wm-2 of latent heat (evapotranspiration),
& 24 Wm-2 of thermal emission, also emits a total of 492 Wm-2. On
global annual basis, total incoming & outgoing energy balances out.

Imbalance of Heat
Solar energy impinging over Polar regions spread
over a larger surface area, so lower intensity

• Solar energy impinging over the Tropics
spread over a smaller surface area, so
higher intensity

Imbalance of
Heat between
Tropics &
North/South
Poles
• (1)

Due
to
Radiative
heating
at
Equator
but
Radiative
cooling at Poles

Poleward Transport of heat by
Oceanic & Atmospheric circulations
Cold

Warm

Cold

Tragedy of the Commons
• Mankind consumes shared resources such as air &
freshwater and return their wastes back into the
shared resources (air, land & oceans). We benefit
from shared resources but distributes the cost
across anyone who also uses the resources.
• However, tragedy arises when man fails to
recognize that consumptive activities of some
could lead to a significant impact of many - the
destruction of the integrity of shared resources,
such as the current predicaments of ocean
fisheries, Amazon rainforest, & global climate
change impact (www.unep.org/GEO).

Global

Warming

A form of Environmental Pollution
IPCC = Intergovernmental Panel on Climate Change

The observed increase in temperatures could be largely due to

natural variability; alternatively, this variability & other manmade factors could have offset a still larger man-made
greenhouse warming –
IPCC 1990

The balance of evidence suggests a discernible human
influence on global climate –
IPCC 1995
There is new & stronger evidence that most of the warming
observed over the last 50 years is attributable to human
activities –
IPCC 2001
Most of the observed increase in globally averaged temperatures
since the mid-twentieth century is very likely due to the
observed increase in anthropogenic greenhouse gas
concentrations –
IPCC 2007

It is extremely likely that human influence has been the
dominant cause of observed warming since mid-20th century.
IPCC2013

Table 8.1

Composition of Clean Dry Air (Fraction by
Volume in Troposphere, 2006)
Constituent
Formula
% by Volume
PPM

Nitrogen
Oxygen
Argon
Carbon dioxide

Neon
Helium
Methane
Krypton
Nitrous oxide

Hydrogen
Ozone

N2
O2
Ar
CO2
Ne
He
CH4
Kr
N2O
H2
O3

78.08
20.95
0.93
3.8 x 10-2
1.8 x 10-3
5 x 10-4
1.7 x 10-4
1.1 x 10-4
3 x 10-5
5 x 10-5
4 x 10-6

780,800
209,500
9,300
380
18
5.2
1.7
1.1
0.3
0.5
0.04

• Even though only N2 & O2 exist in large quantities,
gases such as CO2, N2O, CH4, O3, CFC, HCFC, etc.,
though exist in small amount, play a big part in our
climate & hence our habitability on earth.
• Since the 1980s, man began to realize that
problems of global warming & depletion of
stratospheric ozone could be more due to
anthropogenic effects than natural variability
• It was said that absorption of incoming UV light by
O3 provide us the protection needed to life to
emerge on land.
• Majority of instrumental climate records are
limited to about 150 years. We need paleo-climate
data to gain a better understanding of our climate
system.

• Published Global Surface Temperature Anomaly

Global mean annual temperature anomaly referenced
to the 14oC estimated average for 1951-1980. The
earth has warmed ≈ 0.8oC since early 1900s

• 1940-1980 – decline in temperature caused by growing fossil fuel
combustion when emission controls of particulates were minimal.

Global Climate Warming
• In January 2017, NASA and NOAA of USA and
Met Office of UK named 2016 the warmest year
recorded. 2016's record means that 16 of the 17
warmest years have occurred since 2000 in the
instrumental record of global surface temperature
since late 19th Century, which shows a warming of
0.85 [0.65 to 1.06] °C, from 1880 to 2012. This
gives a trend of 0.064 ± 0.015 °C per decade
• Global average sea level rising rate was 1.8 [1.3 to
2.3] mm per year over 1961 to 2003. The total
20th-century rise is ≈ 0.17 [0.12 to 0.22] m, likely
due to decline in glaciers, snow, ice sheets, &
losses from Greenland and Antarctica ice likely
contributed to sea level rise over 1993 to 2003.

Intergovernmental
Panel on Climate
Change (IPCC)

• Published trends of surface air

temperature anomaly changes
over large between 1840 &
2000s

http://ipcc-wg1.ucar.edu/wg1/wg1-report.html

•

Global, land, ocean & continental annual mean temperature anomaly with
respect to 1880-1919 for CMIP3 and CMIP5 historical (red) & historicalNat
(blue) simulations, and Hadley Centre/Climatic Research Unit gridded
surface temperature data set 4 (HadCRUT4, black)

•

Time series of global & annual-averaged surface temperature change from 1860
to 2010 from 2 ensemble of climate models driven with just natural forcings
(thin blue & yellow lines); average temperature changes are thick blue & red line

Figure 8.5

The Northern Hemisphere temperature
anomaly, sometimes referred to as the “hockey stick.”

What Could have
Caused Our climate
to change?
Whether or not the climatic warming of recent decades is
unprecedented or not, the present sharp rise in
greenhouse gases, and the fact that such gases have been
demonstrated to cause warming (i.e., positive radiative
forcing RF), most likely that man played a big role in
causing the climate to change, even though global climate
is also affected by extra-terrestrial changes such as
orbital variations of the earth, sunspots of the sun and
possible changes to solar radiations.

Globally, net radiative forcing (RF) by anthropogenic
activities is +1.6 [+0.6 to +2.4]Wm-2

Combined radiative forcing due to increases in CO2, CH4 & nitrous oxide is
+2.30 [+2.07 to +2.53] W m–2; Aerosols (sulphate, organic carbon, black
carbon, nitrate & dust) together produce a cooling effect, due to scattering
of short wave increasing reflected solar radiation globally, with a direct
radiative forcing of –0.5 [–0.9 to –0.1] W m–2, an indirect cloud albedo forcing
of –0.7 [–1.8 to –0.3] W m–2.

Since 1750 CO2 increase by burning fossil
fuel & landuse change, CH4 & Nitrous Oxide
increase due to agriculture
•

•
•
•

•

•

Atmospheric concentrations of CO2, CH4 &
nitrous oxide over the last 10,000 years
(large panels) and since 1750 (inset
panels). Measurements are shown from ice
cores (symbols with different colors for
different studies) and atmospheric samples
(red lines).
Global atmospheric concentration of:
(1) CO2 has increased from a preindustrial, 280 ppm to 390 ppm in 2007
(35%)
(2) Methane has increased from a preindustrial, 715 ppb to 1732 ppb in the
early 1990s, and was 1774 ppb in 2005
(147%)
(3) Nitrous oxide continues to rise
approximately linearly (0.26% yr–1), from a
pre-industrial,
260
ppb
reaching
a
concentration of 319 ppb in 2005.
(4) Present day concentrations of both
gases in 2005 far exceeds the natural
range over the last 650,000 years as

•

Atmospheric concentrations of important long-lived greenhouse gases over the last
2,000 years. Increases since about 1750 are attributed to human activities in the
industrial era. Concentration units are parts per million (ppm) or parts per billion
(ppb), indicating the number of molecules of the greenhouse gas per million or
billion air molecules, respectively, in an atmospheric sample (IPCC, 2007)

Figure 8.13 Recent global CO2 concentrations. The
oscillations are month-by-month mean values; the
smoothed line is a moving average over 10 adjacent
months.
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Atmospheric
concentrations
of
important
long-lived
greenhouse gases over the
last 1,000 years. Increases
since about 1750 are
attributed
to
human
activities in the industrial
era. Concentration units
are parts per million (ppm)
or parts per billion (ppb),
indicating the number of
molecules
of
the
greenhouse gas per million
or billion air molecules,
respectively,
in
an
• Figure 8.13 CO2 & NH temperature
atmospheric sample.
temperature over past 1000 years

Human perturbations to global carbon
cycle during the 1990s.
3.2 GtC / yr remaining in atmosphere
Airborne fraction 
 38%
8.5 GtC / yr anthropogenic additions

Global Warming Potential (GWP)

• GWP is a weighting factor that allows comparisons to
be made between the cumulative global warming impact
over a specified period of time of some greenhouse gas
& a simultaneous emission of an equal massT of CO2.
•
0 Fg .Rg (t )dt
•
GWPg  T
•
FCO2 .RCO2 (t )dt

• Fg = Radiative forcing efficiency of gas 0
• FCO2 = Radiative forcing efficiency of CO2 W/m2/kg
• Rg(t) = fraction of 1 kg of gas remaining at time t
• RCO2(t) = fraction of 1 kg of CO2 remaining at time t
• T = the time period for cumulative effects (years)

Global
Warming
Potential
(GWP)
Relative to CO2 (kg
of CO2 per kg of gas)
Lifetimes, radiative
efficiencies
&
direct (except for
CH4) GWPs relative
to CO2.

• Table is based
on IPCC (2007)

Figure 8.16 Fossil Fuel Carbon Emissions
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Figure 8.17 Per capita
carbon Emissions

Amount of CO2 emitted/P/Yr?
= C *44/12
Page 525

• Figure 8.18
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Cumulative carbon
emissions by regions

Observed changes in a.
global average surface
temperature, b. global
average sea level from
tide gauge (blue) &
satellite (red) data, c. N.
H. snow cover for
March-April

• All changes are relative to
corresponding averages for
the
period
1961–1990.
Smoothed curves represent
decadal
average
values
while circles show yearly
values. The shaded areas
are
the
uncertainty
intervals estimated from a
comprehensive analysis of
known uncertainties (a and
b) and from the time series
(c).

Melting Glaciers

2014

• Athabasca glacier in
1917 and 1986. Climate
change could result in
significant retreat of
large glaciers such as
this,
and
related
reduction in downstream
water flows, wildlife
habitat,
and
hydroelectricity
production.
• There are more than
1300 glaciers in the
eastern slopes of the
Rocky Mountains.

Muir Glacier

Aug 13, 1941

August 31, 2004

• Left photograph by glaciologist William O. Field; Right
photograph taken from the same vantage by geologist Bruce F.
Molnia of the USGS.
• According to Molnia, between 1941 and 2004 the glacier
retreated more than twelve kilometers (seven miles) and
thinned by more than 800 meters (875 yards).

1966

2001

Retreat of
Peyto Glacier,
Canadian
Rockies,
between
1966 and 2001
• Source: W.E.S.

Henoch and M.N.
Demuth,Canada

1915

Hudson Bay Glacier at the Coast
Mountains, 54.7 °N 127.3 °W

1908

2000
2004

• Robson Glacier is located in the Rocky
Mountains at about 53.2 °N 119.2 °W

Franz Joseph
Glacier New Zealand

2011

Global Glacier
Mass Balance
• The graph shows
average
volume
change data each
year from 1961 to
2003, and a plot
of the cumulative
change in volume,
expressed
in
cubic kilometers
of water, for this
period.

Arctic perennial sea ice has been
1979

2003

decreasing at a rate of 2.7 [2.1 to
3.3]% per decade, with larger
decreases in summer of 7.4 [5.0 to
9.8]% per decade. 1st image shows the
minimum sea ice concentration for the
year 1979, the 2nd image shows the
minimum sea ice concentration in
2003, & the 3rd image of 2007 show
drastic shrinkage of sea ice. Images
by the DMSP Special Sensor
Microwave Imager (SSMI), NASA.

2007
2007
2012

• In the summer of
2012, Arctic sea ice
extent has dropped to
it's lowest level ever
recorded, 4.10 million
km2.

683 × 528
683 × 528

2yls16q.png

Polar Bear balancing on
ice floe

• Existence of polar bears are
threatened by the melting of

Global Sea Level Rise
• Global average sea level rose by 1.8 (1.3 to 2.3) mm per year
during 1961 to 2003. The total 20th-century rise was ~0.17
(0.12 to 0.22) m, due to the decline in glacier & ocean thermal
expansion, losses from Greenland and Antarctic ice.
• The present rate of sea-level rise of ~3.3 mm a-1.
• In 2006, glaciers and ice caps were accounting for 1.8 mm a-1 of
the 3.1 ± 0.7 mm a-1 of sea level rise.
• At least 184 ± 33 mm of sea-level rise are necessitated by
mass wastage of the world’s mountain glaciers and ice caps. If
the climate continues to warm at current rates, a minimum of
373 ± 21 mm of sea-level rise will occur by the end of 2100.
• The National Research Council states that by AD 2100 for the
AR4 A1B warming scenario, a contribution to sea level of
0.37±0.02 m is projected from glaciers and ice caps. Assuming
ice loss from Greenland at current rate (0.05 m), total global
sea level rise (plus 0.23 m from thermal expansion) would be
0.65±0.12 m by 2100.

Permafrost temperatures at Swiss alpine sites
Pg 187

Figure 5.8

• (1) Gemsstock: 2,940 m asl, N-facing, temperatures at 16 m
depth (rock ridge, horizontal borehole); (2) Schilthorn:2,970 m
asl, N-facing, temperatures at 10 m depth (rock slope with thick
fine debris); (3) Muot da Barba Peider:2,900 m asl, NW-facing,
temperatures at 10 m depth (debris slope); (4) Murtèl
Corvatsch:2,670 m asl, NW-facing, temperatures at 11.5 m
depth (rock glacier); (5) Matterhorn:3,295 m asl, temperatures
at 15 m depth (vertical in rock ridge/Hörnligrat)

Melting of Arctic •
Permafrost
•

Arctic has been warming since
1980s at twice the global rate.
Permafrosts concentrate at
Arctic & contain more carbon
than is already in the
atmosphere.
• About 45% of carbon eroded
from melting permafrost ends
up in seas, while the rest is
being oxidized by sunlight into
CO2 & released to atmosphere
fueling climatic changes that
Coastal permafrost
are causing permafrost to
eroding in Alaska (USGS) waste away –Positive feedback
• Soil microbes can also oxidize
carbon into CO2.

Passive microwave-derived (SMMR / SSM/I) sea
ice extent departures from monthly means for
Northern Hemisphere, Jan 1979- Mar 2006.

• Image courtesy of Walt Meier and Julienne Stroeve, National
Snow and Ice Data Center (NSIDC), University of Colorado,

Decreasing
Trends in
Snow Water
Equivalent
• Gan, et al., 2013, Changes

to
North
American
Snowpack from 19792007 based on the Snow
Water Equivalent data of
SMMR
and
SSM/I
Passive Microwave and
related Climatic Factors,
J. Geophysical Research,
AGU.

Special Report on Emissions
Scenarios (SRES)
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• The four families of storylines in the

SRES emission scenarios

• Best estimates Global temperatures are projected to increase
3.2F to 7.2F (1.8oC to 4.0oC) by the decade of the 2090s relative
to average temperature for 1980-1999.
• Global sea level rise is projected to increase 7-23 inches (0.180.59 meters) relative to average sea level for 1980-1999.
• Warming tends to reduce land and ocean uptake of atmospheric
carbon dioxide, increasing the fraction of anthropogenic
emissions that remains in the atmosphere.
• Projected warming in the 21st century shows scenarioindependent geographical patterns similar to those observed
over the past several decades.
• Snow cover is projected to contract,& sea ice to shrink in both
the Arctic and Antarctic under all SRES scenarios.
• It is likely hot extremes, heat waves & heavy precipitation
events will continue to become more frequent.
• It is likely future tropical cyclones (typhoons and hurricanes)
will become more intense, with larger peak wind speeds and more
heavy precipitation associated with ongoing increases of tropical
sea surface temperatures.

Projections of Future Climatic Change

Solid lines = multi-model global averages of surface warming (wrt 1980–1999
for scenarios A2, A1B & B. Shading denotes the ±1 σ range of individual
model annual averages. The orange line is for experiment where concentrat
were held constant at year 2000 values. The grey bars on the left give
best estimate (a line )& range of 6 SRES marker scenarios (columns).

Estimates from a hierarchy of models that encompass a simple
climate model, several Earth System Models of Intermediate
Complexity and a large number of Atmosphere-Ocean General
Circulation Models (AOGCMs).
b Year 2000 constant composition for AOGCMs only

• Projected
changes
(2080–2099
minus
1950–1969) in Winter
(NDJFM) snowfall in

snow
equivalent,

water

annual
maximum snow depth,
(April, May, September,
October)
or
AMSO
snow cover fraction, and
Day of year when spring
snow melt brings snow
depth below 10 cm,
calculated from a single
CCSM3 twentieth and
twenty-first
century
(SRES A1B) integration.
Dark grey in all maps
indicates grid box is at
least partly composed
of glacier land cover
type
with
perennial
snow cover (adapted
from
Lawrence
and
Slater, 2009).

• Simulated mean changes
of 20 climate models
under the A1B scenario in
(a)
temperature,
(b)
snowfall, and (c) March
mean
snow
water
equivalent (SWE) from
1950–1999
to
2050–
2099; Grid boxes where
less than 10 of the 20
models have snow or at
least 11 models have
perennial snow cover are
masked out (adapted
from Rȁisȁnen, 2008).

Multi-model (MMD) simulated anomalies in sea ice extent for the 21st century
using the SRES A2, A1B and B1 as well as the commitment scenario for Northern
Hemisphere July to September (JAS). The solid lines show the multi-model mean,
shaded areas denote ±1 standard deviation. Sea ice extent is defined as the total
area where sea ice concentration exceeds 15%. Anomalies are relative to the
period 1980 to 2000. The number of models is given in the legend and is different
for each scenario. MMD mean sea ice concentration (%) for January to March
(JFM) and June to September (JAS), in the Arctic for 2080 to 2100 for the
SRES A1B scenario. The dashed white line indicates the present-day 15% average

Fifty Assessment Report
IPCC (2013)

CO2 (ppm) in CMIP3 &
CMIP5 historical &
scenario simulations.
The vertical shading
indicates
the
reference
period
(1981–2000) & the
two 20 year periods
(2046–2065
and
2081–2100)
considered
in
the
analysis of future
climate change.
RCP = Representative Concentration Pathway
SRES = Special Reports on Emission Scenarios

• Blue, Australia;
Green, South
America;
Purple, North America;
Red, Africa; Yellow, Europe; Cyan, Asia

Temperature & Frost Days
over land simulated by
CMIP5
ensemble
for
RCP2.6, RCP4.5, & RCP8.5
as anomalies of 2046–
2065 and 2081–2100 from
the reference 1981–2000.

PRCPTOT, SDII, & RX5day
over land simulated by
CMIP5
ensemble
for
RCP2.6, RCP4.5, & RCP8.5
as anomalies of 2046–
2065 and 2081–2100 from
the reference 1981–2000.

Multimodel median of minimum of TN (left) & maximum of
TX (right) over 2081–2100 relative to 1981–2000 for RCP2.6
and RCP8.5 (bottom). All changes are significant at 5% level

Projected changes in annual (ANN) & DJF minima of TN
(left)& maximum TX (right) over 2081–2100 relative to
1981–2000 for RCP2.6 (blue), RCP4.5 (green), RCP8.5 (red).

Multimodel median of total wet-day precipitation (left) & very
wet day precipitation (right) over 2081–2100 relative to 1981–
2000 for RCP2.6 and RCP 8.5. Stippling means grid points with
changes not significant at 5% significance level

Multimodel median of Consecutive Dry Days (left) & Heavy
Precipitation Days (right) over 2081–2100 relative to 1981–
2000 for RCP2.6 and RCP 8.5. Stippling means grid points
with changes not significant at the 5% significance level

Boxplots
for
projected
changes (in %) in annual
(ANN), JJA and DJF
maximum 5 day precipitation
(RX5day) over 2081–2100
relative to 1981–2000 for
RCP 2.6, RCP 4.5, &
RCP8.5

Athabasca
River Basin

Fort McMurray

Edmonton

Fraser River
Basin

Calgary

Uncertainties projecting Precipitation &
Temperature Changes (Athabasca River Basin)
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• Scenarios generally predict increased temperatures & precipitation in the basin
• ECHAM is the driest, HadCM3 the wettest, and CCSRNEIS the warmest GCM

Runoff Coefficient and ΔTemperature
Athabasca River Basin
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• An increase in temperature of 1ºC ≈ 8% decrease in Runoff

•Kerkhoven, & T.Y. Gan, 2011, Differences and Sensitivities in Potential
Hydrologic Impact of Climate Change to Regional-Scale Athabasca and Fraser
River Basins of the Leeward and Windward Sides of the Canadian Rocky
Mountains Respectively, Climatic Change, 106(4), 583-607.

Mean daily flows A2 2070-2099
Athabasca River Basin
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• Strong declines in spring snowmelt, especially from mountains
• Earlier onset of mountain runoff
• Increases in summer precipitation can not replace lost flow

Future IDF curves

Kuo, C., Gan, T. Y., & Gizaw, M., 2015, Potential 2080s:2071-2100
impact of climate change on Intensity Duration 2050s:2041-2070
Frequency curves of central Alberta, Climatic 2020s:2011-2040
Change, 130(2), 115-129.

Comparisons of past (before 1995) IDF curves (black dash line), current (1984-2010) IDF
curves (black solid line), and MM5 projected (grey shaded area) IDF curves in 2011-2100.
Red lines stand for upper and lower bounds of projected IDF curves.

Gizaw, M., and Gan, T. Y., 2016, Impact of Climate Change and El
Niño Episodes on Droughts in sub-Saharan Africa, Climate Dynamics
•

Median PDSI values in the 2050s and 2080s compared to the 1971-2000 base period.

•

Compared to the base period, areas under near normal PDSI category are
projected to decrease by 4% (RCP4.5) and 7%(RCP8.5) while areas under
the incipient to moderate drought category could increase by 12%
(RCP4.5) and 21% (RCP8.5) during the mid to late 21st century.
The corners of SSAF: West Africa, South Africa and Greater Horn of
Africa will become drier in the 2050s and 2080s.

•
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El Niño Impact on droughts of sub-Saharan Africa
•

SSAF precipitation
(a) Colored areas receive more than half of the annual precipitation in
one season, hatched and dotted areas receive 30% or more of the
annual precipitation in two or more seasons (b) El Niño precipitation
composites

10% reduction in
annual precipitation
of SSAF during El
Niño years.

Accounts for
more than half
of the El Niño
events of
1871-2005

Li, J., Y., Chen, D., Gan, T.Y., and Lau, G.N.C., 2017, Elevated
increases in human-perceived temperature under climate
warming, Nature Climate Change, Nature Publishing Group
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• Under climate warming, human perceived temperature (AP)
has increased faster than air temperature (AT) over land.
• Global land average AP is projected to increase to 0.06
oC/decade and 0.17oC/decade under RCP4.5 scenario and
RCP8.5, respectively, but reduced to 0.02oC/decade under

Spatial pattern of daytime ∆(AP - AT)
under RCP8.5 (2081-2100) relative to
the historical scenario (1981-2000)

Zonal average of daytime ∆(AP - AT)
over the continents under RCP8.5 (red),
RCP4.5 (orange), and RCP2.6 (blue)

Summary of Possible
Changes due to Warming
• From the Clausius–Clapeyron relationship, the water
holding capacity of the atmosphere will increase by
about 7%/oK rise in temperature, & warming will give
rise to increased evaporation, moisture, moist static
energy & storms are expected to be more intensive.
• Because increase in evaporation is constrained by
the availability of surface moisture and energy
budget, warming could increase the frequency of dry
days and enhanced PET could exacerbate droughts.
• As the hydrologic cycle accelerates, occurrences of
severe climate will increase, which can reduce the
reliability of global water resources.

• Risk of extreme events in terms of
frequency and severity will increase, or
intensive storms will become more intensive
but droughts will also become more severe,
• In some regions, wet areas could become
wetter but dry areas becoming drier.
• Seasonal precipitation can either increase or
decrease, depending on latitudes and regions.
• Rainfall will generally increase at the
expense of snowfall.
• Precipitation could increase, but could be
offset by enhanced evaporation loss due to
warming, resulting in less streamflow.

Summary – Climate Change Research
CO2 CH4 N2O & Landuse changes
Historical
Observations

Climate
Scenarios
& Model
How reliable?
How could we use them
to adapt our WR Management
to reduce Vulnerability?
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Any Question?

Recorded Extreme
Precipitation

Recent Extreme Storm Events
1995
> 1 in 100yr, ~1300 flooded
basements

2012

2004

Series of severe storms, some > 1 Series of severe storms, some > 1
in 200yr, ~3600 flooded
in 200yr, ~1700 flooded
basements, > $300M total
basements, > $200M total
insurance claims and flood
insurance claims and flood
prevention projects RadHyPS
prevention projects
Kije Sipi Ltd

July 4th

WATER RESOURCES AND GEOMATICS
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July 6-7, 2004 Event
16:00 to 3:55 MST
5952000

Weather Radar Derived Precipitation
Based on FF3 Calibration Method
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5950000

Features mapped using the
UTM Projection ( NAD83 )
1.39in meters.
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July 11, 2004 Event
13:00 to 18:55 MST

Weather Radar Derived Precipitation
Based on FF3 Calibration Method
Upper Limit on Intensity = 100 mm/hr

Features mapped using the
UTM Projection ( NAD83 )
and expressed in meters.
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Rain Gauge ID
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July 23rd

Total Precipitation (mm)
July 11, 2004

Average annual Precipitation of
Edmonton is ≈ 500 mm

• Max 5-Minute Intensity mm/hr

• Total

flooded

number

of

basements

≈ 3600 on July 2 &
11,
2004
storm
events
• >
$300M
total
insurance claims

2012 Series of severe storms, some > 1 in 200yr,
~1700 flooded basements, > $200M total insurance
claims and flood prevention projects
July 12th

July 14th-16th

143

July 23rd

How future IDF curves of Cities will
be affected by climate change?
SRES
A2

A flooded downtown Calgary,
June 22, 2013

A1B

B1

GCMs
CGCM3

Scenarios

ECHAM5

Global Climate
Models

CCSM3

…

Dynamical downscaling
MM5

Whitemud Drive in south
Edmonton in July 2012

Regional Climate
Model

Moisture

Temperature

IDF curves

Return
Period

Confidence
Limit

Risk

Example 6 Efficiency & carbon Intensity Combined
1)37% efficient coal-fired power
Plant delivering electricity to a 100%
Efficient electric water heater
LHV coal
2) 50% efficient natural gas-fired
Combined-cycle power plant
& same Electric water heater
LHV NG

Page 184

3) 85% efficient gas-fired
water heater

Photovoltaics on the Roof of a Single-Car Engine
in a Reasonably Sunny Location Could Provide
Enough Emission-Free Solar Power for a PHEV
or EV to travel more than 10,000 miles per
year

Figure 7.29
Page 425

Greenhouse gas emissions from UK
vegans, vegetarians, fish-eaters &
meat-eaters
• The average GHG emissions associated with a standard
2,000 kcal diet of 2,041 vegans, 15,751 vegetarians,
8,123 fish-eaters and 29,589 meat-eaters aged 20–79
of UK were estimated, with the age-and-sex-adjusted
mean (95 % CI).
• GHG emissions in kgCO2e/day were 7.19 (7.16, 7.22)
for high meat-eaters (>=100 g/d), 5.63 (5.61, 5.65) for
medium meat-eaters (50-99 g/d), 4.67 (4.65, 4.70) for
low meat-eaters (<50 g/d), 3.91 (3.88, 3.94) for fisheaters, 3.81 (3.79, 3.83) for vegetarians and 2.89 (2.83,
2.94) for vegans.
• Dietary GHG emissions in meat-eaters are about twice
as high as those in vegans.

Greenhouse gas emissions for 94 food
commodities in the UK, imports from
EU & outside EU (kgCO2e/kg)

MM5 Domain Setup
Central Alberta
MM5 Simulation Domains : 27 km to 3 km (windows,
transition and resolution)
Alberta

D2

D3

D1

Edmonton
150

Future projection of air
temperature
Temporally averaged amounts of change in 2071-2100:
[Minimum, Mean, Maximum]=[1.4ºC, 2.9ºC, 4.9ºC]

Temporally averaged amounts of change in 2071-2100:
[Minimum, Mean, Maximum]=[15%, 29%, 44%]

Future IDF curves

2080s:2071-2100
2050s:2041-2070
2020s:2011-2040

Comparisons of past (before 1995) IDF curves (black dash line), current (1984-2010) IDF curves (black solid line),
and MM5 projected (grey shaded area) IDF curves in 2011-2100. Red lines stand for upper and lower bounds of
projected IDF curves.

Results- 2041-2070 (2050’s)
• Comparison of IDF curves between Control Runs (Rain
Gauge data) and MM5 Simulations
T=100 yr

T=5 yr
23% to 31% ↑ at 1
hr
9% to 11% ↑ at 24
hr

7% to 33% ↑ at 1 hr
-10% ↓ to 9% ↑ at
24 hr
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Intensity (mm/hr)
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CC_IDF
RG_max_1984_2010
ECHAM5_A2_max_2050
CGCM3_A2_max_2050
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CC=Current City Standard; RG = Rain gauge control runs
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