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Presenter
Presentation Notes
This project estimates hydrological impacts of changed climates over the Great Lakes from recent general circulation model results for the International Joint Commission’s five-year study of Lake Ontario—St. Lawrence regulation.  This report concerns the US study of climate change performed by The Great Lakes Environmental Research Laboratory.


=
Climate Data

Climate Changes
"Base Case" Scenario (Historical)
Extract Differences for Each Month of Year
Extract Ratios for Each Month of Year
Apply Ratios & Differences to Base Case
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Presentation Notes
Climate Data.  Models use daily data 1948—1999 from ~1,800 stations (overland precipitation & air temperature) and ~40 stations (overlake air temperature, humidity, wind speed, & cloud cover).  Data are d-2-weighted each day to find meteorological time series over each of the 121 sub-basins & 7 lakes.
	Climate Changes.  Historical met. data represents “present” conditions (“base case”).  Use general circulation model (GCM) simulations to simulate other climates.  Observe average monthly differences between GCM-generated base case and each climate change scenario for min., max., & avg. air temp, humidity, & cloud cover.  Observe average monthly ratios for precipitation & wind speed.  Apply to historical data to construct climate change scenarios; we apply monthly adjustment from nearest GCM grid point to each square kilometer (770,000 square kilometers) and combine for each watershed or lake surface.


Modeling Procedure
Arbitrary Initial Conditions
Estimate "Steady-State” Conditions
repeat 52-yr simulation
Simulate for All Scenarios (Including Base Case)
121 watersheds and 7 lakes
Interpret Differences As Hydrology Impacts
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Presentation Notes
Use arbitrary initial conditions & 2-yr initialization simulation; then estimate “steady-state” conditions by repeating the 52-yr simulation with initial conditions equal to values at end, until unchanging.  Simulate hydrology with models on adjusted data sets for all scenarios (including base case) for all 121 watersheds and 7 lakes and then interpret differences between climate change scenarios & base case as hydrology impacts


=
Climate Scenarios (Average Air Temperature, 0—15°C)

Base Case Canadian GCM 2, warm & dry
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Presentation Notes
These are maps of air temperature averaged over each sequence for two scenarios (base case and warm & dry).  We used two Canadian general circulation model runs for the warm and dry and the not as warm but dry scenarios.  We used two Hadley model (Great Britain) runs for the warm and wet and the not as warm but wet scenarios.
	The GCMs were selected to “bracket” available GCM scenarios a few years ago.


=
Climate Scenarios (Average Air Temperature, 0—15°C)

Base Case Warm & Dry Cool & Dry

Warm & Wet Cool & Wet
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Presentation Notes
(Again) the Canadian general circulation model gave the dry runs (top) and the Hadley model gave the wet runs (bottom).  Can see that average air temperature varies mostly with latitude in all cases, all GCM runs are warmer than the base case, and the warm & wet scenario is the warmest.


Climate Scenarios (Average Annual Precipitation, 0.7—1.4 m)

Base Case Warm & Dry Cool & Dry

Warm & Wet Cool & Wet



Presenter
Presentation Notes
These are maps of precipitation averaged over each sequence for the five scenarios.  The dry scenarios (Canadian, top) most resemble the base case, while the wet scenarios (Hadley, bottom) show considerably more moisture than the base case.
	The lake effect is seen in all scenarios.


Climate Scenarios (Michigan Seasonal Meteorology)
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Presenter
Presentation Notes
All climate scenarios are warmer overland than the base case throughout the year.  The “warm & dry” scenario is warmest in the winter and spring while the “warm & wet” scenario is warmest in the summer and fall.  All follow a seasonal cycle similar to the base case.
	On the other hand, seasonal precipitation patterns are less clear.  All scenarios follow a seasonal cycle similar to the base case, but the dry scenarios mostly alternate higher and lower (but close to) the base case and the wet scenarios are generally higher except during the summer.
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Presenter
Presentation Notes
GLERL’s watershed hydrology model is shown schematically here; details can be found elsewhere.
	Applied to 121 river watersheds flowing into the Great Lakes.
	It is a daily model that agrees quite well with weekly 
	and monthly observations (these are “typical” comparisons: neither best nor worst).  Have complete documentation, including GUIs, for calibrating and using the model.


O
Basin Response (Average Snow Water Moisture, 0—9 cm)

Base Case Warm & Dry Cool & Dry

Cool & Wet
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Presentation Notes
Probably should have reversed the colors so it was more intuitive but wanted to keep the same color scale throughout to avoid confusion.  Although the changed-climate scenarios on different lakes show different estimates of precipitation change, each shows increases in air temperatures that significantly reduce the snow pack.


=
Basin Response (Average Soil Moisture, 0—1.7 m)

Base Case Warm & Dry Cool & Dry

qum & Wet C_ool & Wet
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Presentation Notes
All scenarios are mostly drier than the base case with the Canadian GCM Dry scenarios dryer than the Hadley GCM Wet scenarios.  However, the differences between scenarios are not large.  Groundwater is similar.


=
Basin Response (Michigan Seasonal Storages)
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Presentation Notes
Seasonally, on the Michigan watershed for example, snow water is less than half throughout the winter and spring.  The wet scenarios peak about the same time as the base case (at least as far as we can see with a monthly time scale) while the dry scenarios peak about one month earlier.
	This is reflected in the seasonal soil moisture as well: the dry scenarios result in peaks one month earlier than the base case while the wet scenarios peak at roughly the same time as the base case.  Soil moisture in all scenarios increases over the base case during the winter (reflecting less snow pack storage then) but all scenarios produce lower soil moisture throughout the remainder of the year than the base case.


=
Basin Response (Average Ann. Evapotranspiration, 0.1—0.9 m)

Base Case Warm & Dry Cool & Dry

Warm & Wet Cool & Wet



Presenter
Presentation Notes
The increased air temperatures significantly increase evapotranspiration.  All climate change scenarios show more than the base case.  Interestingly, the cool & wet shows the most evapotranspiration, particularly in the southern portion of the basin, which might seem odd.  However, the cool & wet scenario also delivers the largest increase in precipitation, of the climate change scenarios, so there is more to evaporate or transpire; or another way to say it is that evaporation under the “cool & wet” scenario is not as source limited as under the other scenarios.


O
Basin Response (Average Annual Runoff, 0.1—0.8 m)

Base Case Warm & Dry Cool & Dry
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Presentation Notes
The increased evapotranspiration and decreased snow pack give rise to less moisture available in the soil and groundwater zones, and consequently decreased runoff.  The cool & wet scenario appears most similar to the base case.  Runoff decreases the most for the warm & dry scenario, followed by the cool & dry (top), warm & wet, and cool & wet (bottom).


=
Basin Response (Michigan Seasonal Flows)
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Presenter
Presentation Notes
Evapotranspiration on the Michigan watershed is increased under all scenarios except for the dry scenarios in June and the dry and warm scenarios in July.  Note again that the peak evapotranspiration occurs for the “warm & wet” scenario in May and June, probably because water availability is less limiting for this scenario.  Runoff is higher than the base case over winter in all scenarios and lower the rest of the year, reflecting patterns already observed in snow and soil moisture.
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Presentation Notes
Now let’s turn our attention to lake thermodynamics… 


O
Climate Scenarios (Average Cloud Cover, 50—70%)

Base Case Warm & Dry Cool & Dry

Warm & Wet Cool & Wet



Presenter
Presentation Notes
There are five inputs to the lake thermodynamic models, each of which is affected by the lake itself.  Shown in the next few slides are the resulting inputs as affected by the lake thermodynamics.
	Net long wave radiation loss from the lake largely reflects cloud cover; the Hadley GCM scenarios (wet scenarios) have generally less cloud cover than the base case and the Canadian scenarios (dry scenarios) have generally more.  Thus, the wet scenarios transfer more heat into the lakes than do the dry scenarios.


=
Climate Scenarios (Average Wind Speed, 5—7 m/s)

Base Case Warm & Dry Cool & Dry

Warm & Wet Cool & Wet



Presenter
Presentation Notes
The Canadian (“Dry”) scenarios have slightly higher wind speeds than the base case while the Hadley (“Wet”) scenarios have about the same as the base case.


=
Lake Response (Michigan Seasonal Meteorology)
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Presenter
Presentation Notes
The seasonal cloud cover averages reflect the annual averages pretty much through the seasonal cycle.
	Likewise, seasonal wind speeds are similar to the annual averages: the “dry” scenarios produce slightly higher windspeeds than the base case throughout the season while the “wet” scenarios produce about the same.


=
Climate Scenarios (Average Air Temperature, 3—14°C)

Base Case Warm & Dry Cool & Dry

Warm & Wet Cool & Wet
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Presentation Notes
Similar to the overland air temperatures, average air temperature varies mostly with latitude in all cases, all GCM runs are warmer than the base case, and the “warm & wet” scenario is the warmest.


O
Climate Scenarios (Average Absolute Humidity, 7—14 mb)

Base Case Warm & Dry Cool & Dry
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Warm & Wet Cool & Wet



Presenter
Presentation Notes
All scenarios have higher average humidity than the base case.  The “Warm & Dry” scenario has the highest.  Counterintuitive?  Look at the seasonal cycle (next).


=
Climate Scenarios (Michigan Seasonal Meteorology)
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Presenter
Presentation Notes
As observed for the annual averages, Lake Michigan air temperatures and humidity are higher for all climate change scenarios than the base case throughout the seasonal cycle.  The warm scenarios generally result in the highest temperatures with the “warm & dry” scenario highest in the winter and spring and the “warm & wet” scenario highest in the summer and fall.  The same holds true for humidities as well but the peak occurs a month earlier for the “warm & dry” scenario.
	Thus humidities are highest for the warm and dry scenarios when humidity is generally small.
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Presenter
Presentation Notes
GLERL’s lake thermodynamics model is shown schematically here; details can be found elsewhere.
	Enables 1D modeling throughout the lake depth and can be used to follow thermal development and turnovers in the lake
	Plots like this can be created as estimates for all years of record (1948-2000) to aid in other studies such as simulating water temperature data sets for use in fish over-winter studies.


=
Lake Response (Michigan Seasonal Heat Storages)
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Presenter
Presentation Notes
On Lake Michigan, lake ice is entirely omitted under all scenarios and heat stored in the lake is higher under all scenarios than the base case for the entire season.  The warm scenarios transfer more heat into the lakes than do the cool scenarios.


=
Lake Response (Average Surface Temperature, 5—15°C)

Base Case Warm & Dry Cool & Dry
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Warm & Wet Cool & Wet
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Presentation Notes
As just observed for Lake Michigan, the warm scenarios transfer more heat into all lakes than do the cool scenarios; all scenarios raise lake heat and water surface temperatures.  The largest heat increases occur for the northern-most lakes.  The largest increase occurs for the warm & dry scenario, followed in order by the warm & wet, the cool & wet, and the cool & dry.
	The deep lakes have surface temperatures that many times stay above 4ºC throughout the year.  Thus buoyancy-driven turnovers of the water column do not occur.  Bottom chemistry may be altered, oxygen may be depleted, and nutrients and metals released from lake sediments.  Ice cover is practically eliminated.


=
Lake Response (Average Annual Evaporation, 0.5—1.2 m)

Base Case Warm & Dry Cool & Dry

Warm & Wet Cool & Wet
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Presentation Notes
The increased heat storage is sufficient to cause increased lake evaporation on all lakes under all scenarios, even though wind speeds and humidity by themselves would not increase evaporation (in some cases they would decrease it all other things being equal).  The most evaporation occurs on all lakes for the warm & wet scenario, followed in order by the cool & wet, the warm & dry, and the cool & dry.


Lake Response (Michigan Seasonal Thermodynamics)
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Presenter
Presentation Notes
The surface temperature rise and evaporation increase are spread throughout the annual cycle, as seen here for Lake Michigan with the largest increases in both coming in the summer.
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Presentation Notes
Now, combining all model results…


=
Lake Response (Average Annual Evaporation, 0.5—1.2 m)

Base Case Warm & Dry Cool & Dry

Warm & Wet Cool & Wet
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Repeating annual plots of evaporation over the lake…


=
Lake Response (Average Annual Precipitation, 0.7—1.1 m)

Base Case Warm & Dry Cool & Dry

Warm & Wet Cool & Wet
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Presentation Notes
Looking at annual precipitation only over the lakes’ surfaces…


=
Climate Scenarios (Average Annual Runoff, 0.3—1.9 m)

Base Case Warm & Dry Cool & Dry

Warm & Wet Cool & Wet
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Presentation Notes
Expressing basin runoff as depth over the lake surface…


=
Climate Scenarios (Average Annual NBS, 0.3—2.1 m)

Base Case Warm & Dry Cool & Dry

Warm & Wet Cool & Wet
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Presentation Notes
and adding precipitation, runoff, snd lake evaporation algebraically, we have the net basin supply to each lake.  Net basin supply is generally less than the base case for all changed-climate scenarios for all lakes.  The cool & wet scenario looks the most like the base case on an average annual basis.  The greatest reductions in net basin supply occur for the warm & dry scenario, followed by either the cool & dry or the warm & wet, followed finally by the cool & wet.


=
Lake Response (Michigan Seasonal Net Basin Supplies)
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Presentation Notes
Net basin supply is less than the base case for all changed-climate scenarios from May through November.  However, during the winter and part of the spring, the “cool & wet” scenario at least is higher.


=
Summary
Higher Air Temperatures
Higher Evapotranspiration and Lower Runoff
Earlier Runoff Peaks
Reduced Soil Moisture

Higher Water Temperatures
More Heat In Deep Lakes
Diminished Mixing
Reduced Ice Formation
Increased Lake Evaporation

Net Supplies Drop
For Northern and Mid-Latitude Lakes, All Climates
For Southern Lakes, Except Cool & Wet Scenario
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Presentation Notes
The higher air temperatures under the changed-climate scenarios lead to higher over-land evapotranspiration and lower runoff to the lakes with earlier runoff peaks since snow pack is reduced and the snow season is greatly reduced.  This also results in a reduction in available soil moisture.
	Water temperatures increase and peak earlier; heat resident in the deep lakes increases throughout the year.  Mixing of the water column diminishes.  Ice formation is greatly reduced on the deep Great Lakes, and lake evaporation increases.
	Average net supplies drop most where precipitation increases are modest (the dry scenarios), but drop under all climate-change scenarios for all northern and mid-latitude lakes; they are practically the same (maybe a little higher) for the southern lakes for the cool & wet scenario.
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