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Climate change

Some solar energy
is reflected out into
A ipace by clowds,
acrosol gases and
the atmosphere
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In the absence of the greenhouse effect and an atmosphere, the
Earth's average surface temperature of 14 AC (57 AF) could be as
| ow a ¢C 1(1i8B), the black body temperature of the Earth.



December 01, 2020
Ice-core data before 1958. Mauna Loa data after 1958.
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U Pre-industrial atmospheric CO, was ~280 ppm




December 01, 2020
Ice-core data before 1958. Mauna Loa data after 1958.
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December 01, 2019
Ice-core data before 1958. Mauna Loa data after 1958.
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U Atmospheric CO, has not been this high for at least 800,000
years




If we look for any linkages between CO, and
temper atur eée.

Temperature and CO, from Antarctic ice cores Cu:: L

over the past 800,000 years

CO, concentration, ppmv

Antarctic temperature, °C

| |
800,000 600,000 400,000 200,000
Years before present

The 800,000-year record of atmospheric CO2 from the EPICA Dome C and Vostok ice cores, and

a reconstruction of local Antarctic temperature based on deuterium/hydrogen ratios in the ice. The
current CO, concentration of 392 ppmv is shown by the blue star. (data from Luthi et al., 2008,

Nature, 453, 379-382, and Jouzel et al., 2007, Science, 317, 793-797).
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News / Environment / 'Now or never'’: Scientists warn window to avoid 1.5 degree C

'Now or never’: Scientists warn window to
avoid 1.5 degree C rise in temp closing, call
for drastic action

A report found that the world can afford to emit just 500 billion tonnes of CO2 from 2020
onwards. However, 50-80% of emissions from fossil fuels could still be avoided with
currently available technologies, the report said.
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23 March 2023 | Climate and Environment

Humanity is facing a “difficult truth” the UN chief said just ahead of World Meteorological Day, marked on
Thursday — the damage already being caused by climate change is "“making our planet uninhabitable.”

He laid down the challenge to governments worldwide, to make 2023 a year of "transformation, not tinkering” when it
comes to seriously addressing climate change, with meaningful climate action.

‘Closer to the brink’

“Every year of insufficient action to keep global warming below 1.5
degrees Celsius drives us closer to the brink, increasing systemic
risks and reducing our resilience against climate catastrophe”, said
Secretary-General Antonio Guterres.

Climate change is intensifying heatwaves, droughts, flooding, wildfires
and famines, he warned, while threatening to submerge low-lying
countries and cities as sea levels rise due to melting glaciers and
increasingly extreme weather.

The combined impact of this will be to drive yet more species to
extinction, Mr. Guterres said.

This year’s theme, The Future of Weather & |, Climate and Water Across
Generations "compels us all to live up to our responsibilities” to future
generations, he added.

[_“_.1') World Meteorological Orga... & ’
wio @WMO - Follow

Happy #WorldMetDay! This year is exceptional,
as we mark 150 years of meteorological progress
and ambitious priorties, including
#EarlyWarningsForAll and much more ambitious
#(ClimateAction. Join Us! &
wmo.int/worldmetday

Watch on Twitter




Physical effects of climate change

U temperature

U density

U stratification




Annual circulation patterns
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U many north and south temperate lakes exhibit a
consistent annual cycle of stratification and mixing
through spring, summer, fall and winter



U driven by temperature (density) stratification, wind
energy and regular periods of energy/heat gain

(spring and summer) and energy/heat loss (fall and
winter)
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Net result of climate change: physical

U In shallow lakes that do not stratify = warmer
summer temperatures, increased evaporative loss

U In lakes deep enough to stratify = warmer epilimnetic
temperatures, increased evaporative loss and longer
periods of summer thermal stratification

U Gradual warming of the hypolimnion



Net result of climate change: physical

U For holomictic dimictic lakes, reduced duration of ice
cover, and longer growing seasons

Reduced circulation

THERMUOLCLINE

SPRING SUMMER WINTER




Net result of climate change: physical

U shift from dimictic to warm monomictic (less ice
formation)

U shift from warm monomictic to oligomictic, and
potentially meromictic

Altitude (m)

Degrees latitude
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Seasonal overturn and stratification changes drive
deep-water warming in one of Earth’'s largest lakes

Eric J. Anderson(® '™, Craig A. Stow(® 1 Andrew D. Gronewold?, Lacey A. Mason', Michael J. McCormick!,
Song 5. Qian® 3 Steven A. Ruherg1, Kyle Beadle!, Stephen A. Constant! & Nathan H.EIW|E‘3"1

Received: 30 April 2020; Accepted: 13 January 2021;
Published online: 16 March 2021

Most of Earth's fresh surface water is consolidated in just a few of its largest lakes, and
because of their unigue response to environmental conditions, lakes have been identified as
climate change sentinels. While the response of lake surface water temperatures to climate
change is well documented from satellite and summer in situ measurements, our under-
standing of how water temperatures in large lakes are responding at depth is limited, as few

large lakes have detailed long-term subsurface observations. We present an analysis of three
decades of high frequency (3-hourly and hourly) subsurface water temperature data from
Lake Michigan. This unique data set reveals that deep water temperatures are rising in the
winter and provides precise measurements of the timing of fall overturn, the point of mini-

mum temperature, and the duration of the winter cooling period. Relationships from the data
show a shortened winter season results in higher subsurface temperatures and earlier onset
of summer stratification. Shifts in the thermal regimes of large lakes will have profound

impacts on the ecosystems of the world's surface freshwater.
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Fig. 1 Location of the long-term temperature mooring in Lake Michigan. Three decades of high-frequency subsurface temperature measurements
(1990—present) are recorded by a thermistor string at the southern Lake Michigan mooring site. Observations of atmospheric conditions are recorded at
several coastal meteorological stations (gray circles) archived by NOAA. Long-term downward shortwave radiation is measured by the NOAA Surface
Radiation (SURFRAD) Network (white circle) in Bonduville, IL, USA.
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Fig. 2 Surface and subsurface water temperatura observations in Lake Michigan. a Daily lake surface temperature from the GLSEA at the thermistor
location. b Water temperature time-series at the 110 m depth transect. ¢, d A zoomed surface and subsurface temperature record for 2008-2009,
equivalent to the period highlighted in gray in a and b, indicating the 10 m overturn date, "0", minimum temperature/date, “M”, and stratification

T e

temperature,/date, "5".




Warming: epilimnion and hypolimnion
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Fig, 1. Lake Maggiore. A) Mean water temperature and total phosphorus at the spring overfurn. B) Annual mean water temperature of
the epilimnion (0-25 m depth) and hypolimnion (23-360 m depth). C) Annual commercial harvest (in tonnes) of the most important
fish species as regustered in the fishery statistics by CISPP (Htalian Swiss Commission for the Fisheries). From Jeppesen ef al. (2012a)
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Lajoie Lake Location

Lajoie Lake
-

Lillooet
a
=
.Pember"fon -~ »

.Vancouver

A 0 375 75 150 Kilometers

M. Sc

1



Lajoie Lake and Surrounding Area
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Lajoie Lake Monitoring Stations

Wéather

Monitoring

Lake
Monitoring \&

} .\’(

A 0 0.25 0.5 1 Kilometers




Sam Pr

tchar dos

M. Sc

1



Sam Pritchardos M. Sc

k

—
E
R
uh
=
o
oL
O

Jul Aug Sep Oct Nov

Figure 7. Heatmap of Lajoie Lake’s water column from 2 June to 18 November
2022.

The heatmap was created using the rLakeAnalzyer package and data from 10 temperature

loggers placed at 1, 3, 3, 7, 9, 11, 13, 15, 18, and 22 meters of depth. Water temperature was

logged every 30 minutes and daily mean of each layer was used to generate the plot.

1



LaJoie Lake did
not circulate In

the spring or fall
of 2023

Schmidt Stability (J/m?)
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Figure 6. The Schmidt Stability of Lajoie Lake from 2 June to 18 November 18,
2022

Values are calculated using the rLakeAnalyzer package in R and are derived from 10

temperature loggers (1, 3, 5, 7. 9, 11, 13, 13, 18, and 22 meters of depth) that sampled the water

column temperature every 30 minutes. Higher stability values indicate stronger thermal

stratification and a higher resistance to mixing. The horizontal line at 30 J/m?is a threshold for

stratification, beneath which the water column is potentially subject to mixing.
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Figure 9. Depth profiles of Lajoie Lake’s specific conductance.

Specific conductance is defined as water electrical conductivity corrected to a 25 °C standard. It
was measured at 0.5 and 1 meters, and then at 1-meter intervals during the 2022 ice-off season
from 1 May to 18 November.
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Figure 12. Wind rose depicting wind patterns on Lajoie Lake from 14 June to 18
November 2022.

VWedges represent the frequency of counts within a 10-degree window as a percentage. Colours

represent the wind speed of those counts. Average wind speed and direction was sampled every

3 seconds and the 10-minute average was logged.
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Figure 14.  Wind rose depicting monthly patterns on Lajoie Lake from 14 June
to 18 November 2022.

Wedges represent the frequency of counts within a 10-degree window as a percentage. Colours

represent the wind speed of those counts. Average wind speed and direction was sampled every

3 seconds and the 10-minute average was logged.
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Figure 13.  Wind rose depicting diurnal wind patterns on Lajoie Lake from 14
June to 18 November 2022.

Wedges represent the frequency of counts within a 10-degree window as a percentage. Colours

represent the wind speed of those counts. Average wind speed and direction was sampled every

3 seconds and the 10-minute average was logged.




Chemical effects of climate change

dissolved oxygen
anaerobic gases
dissolved metals

algal nutrients (P and N)



U oxygen is sparingly soluble in water.

U at maximum saturation, there is only about 14.6 mg/L
of oxygen I.e., 14.6 parts per million in fresh water.

Cs (mg/L)

- 00 20 40 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 22.0 24.0 26.0 28.0 30.0 32.0
Temperature (°C )




the presence of dissolved oxygen is critical to
sustaining aerobic life in lakes

100% Saturation

7 to 8 mg/N*
Normal Activity & Behavior

3to4 Avoidance by
Mobile fauna begin fishes

to migrate to higher
DO areas 2.0

Fishes absent

Shrimp & crabs : Fauna unable to escape;
absent initiate survival

behaviors
Burrowing stops

Stressed fauna
emerge & lay on
sediment surface

Mortality of sensitive
fauna

Mortality of tolerant

fauna
Formation of microbial

mats

Sediment geochemistry ¥4
drastically altered Hydrogen sulfide builds up
in water column
No macrofauna
survive




U é&. and, when the thi n ewatere
Interface becomes anoxic, toxic compounds and
nutrient release from the sediments increases ~10x




U NH;, H,S are very toxic
U0 Mn*2 and Fe*? |less toxic

U P and NH; are algal nutrients

Organic matter: physical-chemical state

Algae blooms may follow ' : :
inflow events which bring 2B | Plants \ Organic matter input

Macroalgae @‘ Organic matter
O

CO,
Microalgae ({’ Low dissolved oxygen

.._.__ Adaiiin Ot I‘W we J



Global occurrence

CLARE BALL SCIENCE JUN 29, 2821 9:88 AM

Lakes Are Losing Oxygen—and Their Inhabitants Are in
Danger

Hundreds of temperate lakes around the world are showing trends toward anoxia, becoming warmer, murkier, and less hospitable to

cold-water species.




Global occurrence
nature
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Article | Published: 02 June 2021

Widespread deoxygenation of temperate lakes

Stephen F. Jane, Gretchen ). A. Hansen, Benjamin M. Kraemer, Peter R. Leavitt, Joshua L. Mincer, Rebecca L

MNorth, Rachel M. Pilla, Jonathan T. Stetler, Craig E. Williamson, R. lestyn Woolway, Lauri Arvola, Sudeep

Chandra, Curtis L. DeGasperi, Laura Diemer, Julita Dunalska, Oxana Erina, Giovanna Flaim, Hans-Peter

Grossart, K. David Hambright, Catherine Hein, Josef Hejzlar, Lorraine L. Janus, Jean-Philippe Jenny, John R.

Jones, ... Kevin C. Rose + Show authors

Nature 594, 66—70 (2021) | Cite this article

21k Accesses | 151 Citations | 2105 Altmetric | Metrics

Abstract

The concentration of dissolved oxygen in aquatic systems helps to regulate biodiversity!Z,
nutrient biogeochemistry2, greenhouse gas emissions%, and the quality of drinking water2.
The long-term declines in dissolved oxygen concentrations in coastal and ocean waters have
been linked to climate warming and human activity®Z, but little is known about the changes in
dissolved oxygen concentrations in lakes. Although the solubility of dissolved oxygen

decreases with increasing water temperatures, long-term lake trajectories are difficult to

predict. Oxygen losses in warming lakes may be amplified by enhanced decompaosition and




Temperature (*C)
10 15 1 20

Date

— 2022-0501

— 20220518

— 20220602

— 20220614

— 20220628
2022.07-26
2022-08-25
2022-09-30
2022-10-31
2022-11-18

25° 257

Figure 4. Depth profiles of Lajoie Lake’s water temperature and dissolved
oxgyen.

Water temperate and dissolved oxygen was measured at 0.5 and 1 meters, and then at 1-meter
intervals during the 2022 ice-off season from 1 May to 18 November.
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La Joie Lake has
become meromictic
(i.e. never mixes) in
less than 10 years
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Figure 11.  Purple sulphur bacteria on the 15 m temperature logger.
Purple sulphur bacteria on the 15-meter temperature logger are shown upon its removal fromi
water column on 18 November 2022. Similar presence was noted on the 13-meter temperature

logger.
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,anuLeMt\ Map of southwestern Bntlsh Columbia, Canada
indicating the location of Cultus Lake. Image from Bradford (2010),
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Figure 4.4: Depth of habitat restriction by temperatures above 17°C (red) and dissolved oxygen below 6 mgz

L1 (blue)
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Figure 4.7: Future predictions of (a) fraction of volume restriction by low DO; (b) minimum DO at 30 m
under two climate scenarios; and (¢) temperature-oxyvgen squeeze under RCP8.5 and RCP4.5, with RCPS8.5

showing greater restriction
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Biological effects of climate change

i All lakes: warmer temperatures will cause species
shift from cold water to warm water fish species

. When the climate change

Fish eating fish —_—

Pray fish

Waler flea

Input of nutrients



Biological effects of climate change

¥+ The Canadian Press

California aims to introduce more anglers to native warm-
water tolerant sunfish as planet heats up

Story by The Canadian Press « 2w




Biological effects of climate change

All lakes: reduction in density of large grazing
zooplankton due to increased warm water
planktivorous fish predation

All eutrophic lakes: increased algal density

ZOOPLANKTIVORES
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Biological effects of climate change

. The

Trophic
Cascade
in Lakes

Edited by
STEPHEN R.
CARPENTER

and

JAMES F.

KITCHELL

PREDATORS

b

HIEN ey s PHYTOPLANKTON Generally strall manmbe
HIGH TURBIDITY CLEAR WATER

FEW MACROPHYTES MANY SUBMERGED MACROPHYTES



Biological effects of climate change

i All eutrophic lakes: more algal blooms and blue-green
algae

U All eutrophic stratified lakes: increased organic
loading and greater hypolimnetic oxygen demand




Biological effects of climate change

i All eutrophic lakes: increased frequency of
recreational closures and animal poisoning from
Cyanobacteria toxins

WARNING
BLUE-GREEN ALGAE
KEEP OUT OF

THE WATER




U All eutrophic lakes: increased frequency of a fish Kkill
IN summer

Dissolved oxygen and water
temperature

Stratification can cause dissolved oxygen and
temperature to vary at different depths in the
same pond.

High temperature
High dissolved oxygen

Low dissolved oxygen
Low temperature




Kamloops area lakes: Roche Lake
20,000 angler-days/year = $3,000,000/yr

2023 Oxygen Evaluation
Snow: 4" ce: 168"  Water: Clear, no smell

Depth DO Temp
Location: Deep hole approx. 200 m. off John Frank bay
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2023 Oxygen EvaluatioFeb. 18/23
John Frank Lak

Snow:
4" Ice: 21" Water: Yellow, no smell
Depth DO Temp

1 0.7 1.9

2 0.4 3.1

3 0.2 4

4 0.2 4.1

5 0.1 4.7

2023 Oxygen Evaluatio18/23

Bulman Lake

Feb.

Water: Yellow,

Snow: 4" Ice: 17"no smell

Depth

N O o A WDN P

DO

2.8
2.3
1.9
0.9
0.5
0.4
0.2

Temp

1.5
2.8
3.3
3.4
3.5
3.5
3.5

2023 Oxygen Evaluatio18/23

Frisken
Snow:
6|l

Depth

~No ok WN B

Feb.

: Roche
. "Water. Yellow, S
Ice: 17"no smell A" lce: 16"
DO~ Temp Depth DO
0.6 1.8 1 1.7
0.4 2.1 ) 0.5
0-4 3 3 0.2
0.2 3.1 4 0.1
0.2 3.2 5 0.1
0.1 3.4 6 0.1
0.1 3.6 7 0
8 0
9 0
10 -0.1
2023 Oxygen Evaluation 11 -0.1
Rose Lake Aerated 12 -0.1
e 14 -0.1
ater:
Clear, no 16 -0.1
Snow: 7" Ice: 18" smell 18 -0.2
20 -0.2
Depth DO Temp 22 -0.2
1 5.3 04 .
2 5.2 0.3{'/ |
3 5 0.3
4 4.9 0.3

Feb.

2023 Oxygen Evaluatio18/23

Water: Clear, nc
smell

Temp
1.9
3.5
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.8
3.8
3.9

3.8
3.8



Black Lake

Feb. 18/23

Snow: Water: Clear, nc

6" Ice: 16"smell

Depth DO Temp
1 3.4 2.9
2 3.2 3.5
3 3.6 3.1
4 3 3.7
5 2.9 3.7
6 2.8 3.7
7 2.6 3.9
8 1.1 4.2
9 0.3 4.4

Feb.

2023 Oxygen Evaluatio18/23
Horseshoe LakiAerated

Show: Water: Clear, nc
6" Ice: 18"smell
Depth DO Temp

1 3.7 1.3

2 3.5 1.3

3 3.3 1.3

4 3.2 1.4

5 0.9 2.4

Feb.

2023 Oxygen Evaluatio18/23
Bog
Show: Water: Yellow,
5" Ice: 17"some smell
Depth DO Temp

1 1.1 1.4

2 0.5 2.6

3 0.3 3.2

4 0.2 3.4

5 0.1 3.6

6 0 3.7

7 0 3.8

Feb.

2023 Oxygen Evaluatio18/23
Ernest Lake

Show: Water: Yellow,
6" Ice: 17"no smell
Depth DO Temp
1 3 1.7
2 2.7 2.9
3 2.5 3.4
4 0.5 3.7
5 0.3 3.7
6 0.2 3.7
7 0.1 3.7
8 0.1 3.7
9 0.1 3.8
10 0 3.8
11 0 3.8
12 0 3.8
13 -0.1 3.8
14 -0.1 3.8
15 -0.1 3.8
16 -0.2 3.8



Net result of climate change: biological

iIncrease In fish kills (summer and winter)

Increase In algae blooms

Increase In toxicity events involving blue-green algae
Impaired potable water supplies

Impaired recreational use and angling opportunities

decreased Crown revenue



British Columbia

Environmental stress likely cause of fish die-off on
Vancouver Island

f ¥ = & in

Advocates say they're not surprised, but the news is another sign it's time to act

Kathryn Marlow - CBC News - Posted: Sep 08, 2023 6:00 AM PDT | Last Updated: September 8

A view of the Cowichan River from the 66 Mile Trestle in Cowichan River Provincial Park. Hundreds of dead fish
were found downriver from here, near Skutz Falls, in mid-July. (Megan Thomas/CBC)




What can we do I mitigation and adaptation

Two main strategies in the short term: (5-15 years)

1. All lakes - reduce external nutrient loading via
watershed management

2. Stratified lakes - mitigate oxygen depletion caused by
longer periods of thermal stratification

3. Citizen science monitoring of lakes



1. Reduce external nutrient loading via watershed
management

Watershed scale post-fire restoration i to prevent soill
erosion

Pre-fire Post-fire

% Exposed
2 e surficial

mining

waste
Increased flow 5
through mine wo«kings
Stream .
sediment

Sources of metals after mining and wildfire



Watershed scale post-fire restoration i to prevent soill
erosion
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b:Wildfire Burn Scars are a Flood Risk

el Before Fire During Fire After Fire
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oL P Water cannot penetrate water
repellentsoll layer, so It runs off like

pavement which causes dangerous:

ds
repellent COMPOUNS

Flash Flooding

) - Mud & Debris Flows
Litter: organic material such as needles, leaves, grass, brush, bark Mudslid
Water Repellent Soils: formed when organic material such as trees, scrubs, plants and litter burn at high intensity, water uasiiaes
repellent compounds are vaporized, and condense on cooler soil layers below, which prevents soil from absorbing water.




What can we do T mitigation and adaptation

| Pre-fire

012 4 6 8 10Km
[ 8 8 E———  S—

Land cover class
B Bare earth
B Impermeable

Low vegetation

Mixed trees and grass
B Mixed trees and shrubs
B Surface water



2. Stratified lakes - mitigateloxygen depletion caused by
longer periods of thermal stratification

U provide assistance in spring and fall circulation in
stratified lakes




U Destratification uses compressed air or mechanical
mixers to destratify the water column
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U less useful due to thermal concerns in summer, can
be used to assist spring and fall circulation



Hypolimnetic aeration/oxygenation

uses compressed air or oxygen to circulate the
hypolimnion and maintain thermal stratification,

oxygen is added mainly from the bubbles, minimal
contact with the atmosphere



