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unknowns. That is to .uy. there are things
that we know we don't know. But there are

also unknown unknowns. There are
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A known known: Our climate is changing

Warming rate (full period):
+0.07 °C/decade
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A known known: Our climate is changing

Warming rate (1985-2009):
+0.17 °C/decade
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A known known: Lakes are losing ice

(Magnuson et al.,
2000; Science)

Global trends in freeze / thaw dates
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A known known: Lakes are warming

Schneider, P., and S. J. Hook (2010), Geophys. Res. Lett., 37.



A known known: Lakes are warming

“hotspots”
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Schneider, P., and S. J. Hook (2010), Geophys. Res. Lett., 37.



Other impacts are becoming evident

* Changes in lake evaporation, which also affects ...

- Water balance

- Temperature
- Stratification
- Lake chemistry
- Vertical mixing
- Lake ecology




Other impacts are becoming evident

e Variations in lake level, which also affects ...

- Water quality / municipal water supplies
- Recreational boating / fishing
- Shoreline erosion / flooding

- Commercial shipping

- Lake ecology

- Hydropower

- Tourism




How do we know?

Measurements

- Field data

- Satellite data

- Long-term monitoring programs

Models

- Physical, hydrological, biological
- Climate models

- Lake models




Examples of field sites




Arctic thermokarst lakes
@




Lake Tahoe




Semi-arid western Nebraska
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Sparkling Lake, Wisconsin
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Lake Superior

Great Lakes Evaporation
Network (GLEN)
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Seasonal interactions: Lake Superior
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Lake Superior: Highly variable ice cover

February 19, 2014

MODIS




Lake Superior: Highly variable ice cover

February 2012

MODIS




Lake Superior is losing ice
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Lake Superior is warming rapidly

Water temperature (°C)
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Cumulative evaporation (mm)

Lake Superior evaporation

(direct measurements at Stannard Rock Lighthouse)
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Record warmth in 2012

Lake Superier Average Great Lakes Surface Environmental Analysis {GLSEA)
surface Water Temperature Compared to Current Year
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Low water levels, shifting seasons

Long—Term Monthly Means & Record Water Levels for
Lake Superior: Station 9099018 (Marquette, M)
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Shifting seasons



High variability

Percentage Ice Coverage / Pourcentage de couverture de glaces

Great Lakes ice cover (1980-2016)
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Why the rapid warming of Lake Superior?
Is it a summer response to winter warming?

Lake Superior temperature trends (1948-99)
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Why the rapid warming of Lake Superior?
Is it an ice-albedo feedback?

GEOPHYSICAL RESEARCH LETTERS, VOL. 34, L06604, doi:10.1029/2006GL029021, 2007

Lake Superior summer water temperatures are increasing more
rapidly than regional air temperatures: A positive ice-albedo feedback

Jay A. Austin' and Steven M. Colman®
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Ice-albedo feedback? Not for these lakes ...

GEOPHYSICAL RESEARCH LETTERS, VOL. 36, L22402, doi:10.1029/2009GL040846, 2009

Satellite observations indicate rapid warming trend for lakes
in California and Nevada

P. Schneider,' S. J. Hook,' R. G. Radocinski,' G. K. Corlett,” G. C. Hulley,1 S. G. Schladow,’
and T. E. Steissberg’

Received 10 September 2009; revised 21 October 2009; accepted 26 October 2009; published 25 November 2009.

Air: dT,,/dt ~+0.5 °C/decade
Water: dT./dt~+1.1 °C/decade
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Maybe an ice-albedo feedback is
not even needed?

http://greatlakesmapping.org

Bathymetry

Summer
warming
rate (°C/yr
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Is the rapid warming just a “deep lake”
phenomenon? Nope.

Sparkling Lake temperature trends
(July—September mean)
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Are lakes somehow “hypersensitive”
to climate change?

Sparkling Lake, WI
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Are lakes somehow “hypersensitive”
to climate change?

Sparkling Lake, WI

Not likely ... consider the lake energy balance:

&= "+ > Climate warms (i.e., higher T,;)
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Ice-albedo feedback? Not for some lakes.
Only a “deep lake” phenomenon? No.

| i
a0 = L
-
-

. e  Are lakes somehow “hypersensitive”
U to climate change?

Not likely.

Then what??
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Origins of a new global initiative:

The Global Lake Temperature
Collaboration (GLTC)

2

Global Lake Temperature Collaboration - http://laketemperature.org/




Origins of the GLTC initiative

October 2010
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Origins of the GLTC initiative

Schneider, P., and S. J. Hook (2010), Geophys. Res. Lett., 37.




Origins of the GLTC initiative

October 2010
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Origins of the GLTC initiative
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Special session: Global Trends in Lake Temperature and
Associated Impacts on Lacustrine Systems




GLTC Workshop (June 2012)

Lincoln, Nebraska




GLTC Workshop (June 2012)

Lincoln, Nebraska







Fundamental question:

What are the patterns, mechanisms, and

impacts of global lake
warming / cooling?

(from both satellite and in situ measurements)

Global Lake Temperature Collaboration - http://laketemperature.org/



‘igure 1

Yellow—in situ sampled lakes; Red—satellite sampled lakes.
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Recent warming rates (1985-2009)
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Number of lakes

Distribution of LST trends
(1985-2009)

Distribution of LST trends (1985-2009)

Lake Superior
Mean LST trend:

+0.4 °C dec?
(95% Cl: 0.2 — 0.6)

90% of lakes
are warming
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Lake surface temperature (LST) trends
(1985-2009; summer only)

O’Reilly et al. (2015)




Many factors influence warming rates

O’Reilly et al. (2015)
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Implications for evaporation

 Open-water evaporation can be very different from

terrestrial evapotranspiration (ET)

- Different drivers
- Different variability
- Different impacts

water level impacts




Implications for evaporation

Vapor
pressure

gradient




Measuring evaporation on large lakes

Evaporation monitoring stations:

* International Upper
- June 2008: Lake Superior (Stannard Rock*) Great Lakes Study

-July 2009:  Lake Superior (Granite Island) (IUGLS)
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Instrumentation

Granite Island, Michigan




Real-time data and imagery

Evaporation monitoring stations: ST -
- June 2008: | Lake Superior (Stannard Rock*) Great Lakes Study
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- 1\:._\ -
Y
Minnesota

Lake Superior

Wisconsin

Stannard
@® Rock

Granite ntari
_— Ontario

Michigan AN

RN




Real-time data and imagery



Time-lapse video



Growing the network

Evaporation monitoring stations:

- June 2008:

- July 2009:

- Sept 2009:
- May 2012:
- June 2012:

Lake Superior (Stannard Rock*)
Lake Superior (Granite Island)
Lake Huron (Spectacle Reef*)
Lake Erie (Long Point*)

Lake Michigan (White Shoal*)
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The current GLEN network

Great Lakes Evaporation Network (GLEN)

stations



Fieldwork




More info on GLEN



Expansion to buoys, drifters, and ships




Model results show increasing evaporation




Model results show increasing evaporation

Water levels GW
MI-Huron

\Superior

Watras et al. (2014)




http://laketemperature.org/

Summary

First global compilation of satellite / in situ lake temperature data
250+ lakes in the GLTC database; most covering at least 25 years
~90% of the lakes in the database are warming (1985-2009)
Satellite / in situ data show similar rates of lake surface warming
“Global” LST has increased ~2 standard deviations since 1900

Great Lakes are warming rapidly (esp. Superior and Huron)



http://laketemperature.org/

Summary

Most rapid warming is in recent decades (~0.4 °C dec)

Some changes are non-linear (e.g., Lake Superior regime shift)
Interdecadal variability in global LST is coherent with T,
lake ice, and global patterns of solar dimming / brightening
Important implications for lake evaporation, water levels

Long-term, global datasets provide valuable perspective
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