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Presenter
Presentation Notes
About 5 years ago I co-chaired a committee to review the Annex3 models that were used back in he late 70’s to confirm the target P loads; our conclusion was that those models had to be updated to increase spatial and process complexity to deal with the nearshore eutrophication of the Great Lakes and the changes in ecosystem structure and function.  For the past 6-7 years, Great Lakes modelers have been trying to do that.  Today, I will show you the results of sole of that work on Lake Erie.
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Outline of Presentation 

 Review some basic concepts 
 Algal-available phosphorus and water column cycling 
 Internal phosphorus loading (sediment feedback) 

 Hypoxia modeling 
 EcoFore 
 SOD response to P load changes 
 1D Central Basin model results 

 Cyanobacteria blooms in Western Basin  
 2011-12 comparison 
 NOAA NOS relationship 
 WLEEM – LimnoTech process model 



Algal-availability and water column 
recycling 



Water Column Cycling of Phosphorus  



Assessing Availability of Particulate 
Phosphorus in Great Lakes Tributaries 



Algal Uptake in DCDA Corresponds to 
Decrease in NaOH-extractable P 



R-NaOH-P is good surrogate for ultimately available 
particulate phosphorus in tributaries 

Presenter
Presentation Notes
Close to a 1-to-1 relationship.  This is why the recent work of Heidelberg in measuring NaOH-P in tributary sediments is valuable surrogate for bioassay measurement of ultimtely algal-available P in tributary SS.



Research Led to Modification of DiToro 
Lake Erie Model 

Must treat P release 
from tributary solids 
differently from P 
release from in-lake 
produced solids (i.e., 
algae) 



Tested Three Versions of Lake Erie Model 



Importance of P Release from Particulates 
in the Water Column 



Halving SRP Load Gives Bigger Response 
than Halving EUP Load 

Presenter
Presentation Notes
Refer to recent Heidelberg data on increase in SRP loads



Internal loading of 
phosphorus from sediments 



Pathways of Internal Sediment Load 

 Sediment resuspension of particulate 
phosphorus  
 Driven by wind-wave bottom shear stress 
 Amount of algal available phosphorus from this 

process depends on relative rate of release from 
resuspended sediments and rate of redeposition of 
resuspended sediments 

 Significant in shallow areas of Western Basin  

 Pore diffusive flux of dissolved phosphorus  
 Rate governed by gradient of dissolved phosphorus in 

surface sediments and diagenetic processes 
controlling that gradient 

 Significant in hypoxic areas of Central Basin  
 



Understanding of Sediment-Water 
Phosphorus Diffusive Flux Processes 

                          Aerobic Layer 
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Aerobic Layer Thickness 
• Governs ability of DRP to diffuse from sediments 
• Depends on Overlying Water DO 



Overlying Water DO < 2 mg/L Causes 
Significant P Flux (DiToro, 2001) 



Lake Erie Model Post-audit with updated 
sediment diagenesis model (Fitzpatrick, 2004 



Sediment P Flux analysis 
(using 1D DO model) 
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EcoFore Hypoxia Modeling 



Ecosystem Forecasting of Lake Erie Hypoxia 

 NOAA-CSCOR funded project to 
assess the Causes, Consequences, 
and Potential Remedies of Lake 
Erie Hypoxia?  

 Linked set of models to forecast: 
 changes in nutrient loads to Lake Erie 
 responses of central basin hypoxia to 

multiple stressors 
 P loads, hydrometeorology, dreissenids 

 potential ecological responses to 
changes in hypoxia 

 Approach 
 Build models capable of identifying 

non-point and/or point-source actions 
to achieve X load reduction 

 Build models capable of identifying X 
load reduction required to achieve Y 
hypoxia characteristics 

 Build models relating fishery goals to 
Y hypoxia characteristics, based on 
fishery manager input. 

Presenter
Presentation Notes
What are the Causes, Consequences, and Potential Remedies of Lake Erie Hypoxia? We propose to develop a linked set of models to forecast changes in nutrient loads to Lake Erie, responses of central basin hypoxia to those changes, and potential ecological responses to changes in hypoxia. Models with range of complexityConsider both anthropogenic and natural stressorsWill assess uncertainties in both drivers and modelsApply models within an Integrated Assessment framework to inform decision making for policy and management



EcoFore Research Team 

Plus many grad students 
and postdocs. 
 
Plus many more that have 
come and gone! 



Thickness of Central Basin Bottom Layer 
Air temperature, winds, length of season 

Organic Matter Flux to the Bottom 
Algal production and settling 
– Algal-available P supply 
– Length of season 

Sediment Oxygen Demand 
 - contributes an average of 60% of hypolimnetic oxygen 

demand 
  

Drivers of Hypoxia in Central Basin  



Simple 1D DO Model for Central Basin  

 1D Vertical Dynamic Model for 
Central Basin 

 Hydrodynamic model is 
physically driven  
 Air temp, wind speed, solar 

radiation 

 Static Surface Level, varying 
thermocline depth 

 48 Vertical Layers of 0.5m 
thickness 

 Simple Dissolved Oxygen 
Model linked to Hydrodynamic 
Model 
 DO rate term (WCOD) is 

aggregate of production and 
consumption processes in the 
water column 

 SOD in bottom layer 

Hypolimnion 

Epilimnion 

Diffusion 
WCOD 
SOD 

 

Presenter
Presentation Notes
Model frameworkThe model is for the central basin only, and operates on a daily time scale.  Thermal/density gradients control the vertical movement of water.  These gradients are determined from physical condistions, such as  air tmep, wind speed, solar radiation.  There are 48, equal depth and varying volume model segments.  Each is 0.5m thick.  The dissolved oxygen processes are representedby a parameterized model, with an aggregate loss term that incorporates the sources and sinks of DO.  SOD is applied in the bottom layer. 



Time-Series of Annual Calibrated WCOD 
Values 

Presenter
Presentation Notes
This shows the time-series of calibrated annual WCOD.  From 1987-1994, there is a significant downward trend in the consumption rate.  However, after 1994, the rates have gone up, (but only slightly).  So why is this?



Rucinski et al 2010 

SRP Load 

O2 depletion rate 

Suggested that P load is important for 
Central Basin oxygen depletion rate 

Presenter
Presentation Notes
Told us it was more than just physical factors – P load matters



Eutrophication Model Projects 

1D models 
Level 1 - 1D hydrodynamics with specified DO consumption rates 

• Vertical thermal and mixing profiles from hydrodynamic model 
• Calibrate with DO loss from water column and sediment demand 

 
Level 2 - 1D hydrodynamics with simple process WQ model 

• Replace DO loss, etc. with “Standard” eutrophication model 
 

3D models 
Level 3 - 3D hydrodynamics with simple Level 2 WQ model 

• Physics from full hydrodynamic model 
 

Level 4 - 3D hydrodynamics with complex WQ model 
• Multi-class phyto-zoo, organic/inorganic nutrients, sediment digenesis, etc 
• Dreissenid; Benthic algae 
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Presenter
Presentation Notes
This is the model conceptual diagram.  This scheme is applied in each of the model grid cells (48 vertical layers).  The main forcing function is total phosphorus.  The total phosphorus load is based on the loads from Pete Richards and Dave Dolan, for western and central basins.  Total phosphorus is partitioned between an available and unavailable form.  The unavailable form can be mineralized to the available form, which is utilized for phytoplankton growth.  Growth and respiration are linked to the dissolved oxygen pool.  Rearation from surface mixing can contribute to the DO.  DO is also lost from SOD and oxidation of organic matter/detritus.  The organic matter is produced through algal death, at which point it can also contribute to the available phosphorus pool through mineralization.  **Joe: There needs to be an arrow leaving the DO box and entering the detrital carbon box to represent effect of water column oxidation of detrital carbon; is this a process in the model?  -  Added, yes it’s a process in the model



Borsuk et al.  (2000) Ecological Modeling 

0

0.25

0.5

0.75

1

1.25

1.5

1.75

0 100 200 300 400 500 600 700 800

SO
D 

(g
O

2/
m

2/
d)

Deposited Organic Carbon

Borsuk et al. Calibrated Function

Presenter
Presentation Notes
This just shows the “optimized”  Borsuk response curve.  The orange diamonds shows the variation that would be found using the annual loading rates we have now (same values as the previous slide).  (Each orange point is a different year, 1987-2005).  The spread in this shows there is sensitivity to either thermal regime, load, or both.  What is the range of TP loads that lead to this range of deposited OC?  Might want to present a plot of annual TP loads for 87-05.I did some sensitivity runs using the same thermal regime under for each of the 19 loading years, and this produced a significant spread in the carbon deposition.  So the response based on load variation seems appropriate.The Blue line shows the reduction in SOD that would result from lower carbon deposition.



 

Michaelis–Menten function 
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Presenter
Presentation Notes
I ran a bunch of hypothetical loading scenarios through the model (some load reductions, some increases) and looked at the resulting SOD using the “optimized” Borsuk function.  Things follow a Michaelis–Menten function fairly well, up to very high load values (still want to run a few more high loads to fill in data).  However, these high loads are 200% of the observed.I added two functions using the equation shown.  The red line shows the response with no TP offset.  I can play around with the half sat and offset to get different fits, but this one looks good to me, and I don’t see how to justify an offset, when that is essentially saying there would be zero SOD at that level of TP load??
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Central Basin Hypoxic Days as 
function of TP Load 

y = 0.0029x + 8.7989
R² = 0.4215
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Hypoxic days = number of days with hypolimnetic DO < 2 mg/L 

Presenter
Presentation Notes
With this model, we are able to relate hypoxic-days (e.g. number of days per year with hypolimnetic DO below 2 mg/l) to phosphorus load. 



Depth (m)
45-60
30-45
15-30
0-15
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How do you get from 1D Oxygen 
Concentration to Hypoxia Area? 



Geostatistical Conditional Realizations of Central 
Basin Hypoxic Area 

Zhou and Michalak 
. 

Presenter
Presentation Notes
Recent research has developed a new set of robust estimates of the areal extent of Lake Erie hypoxia, as well as a relationship between average hypolimnetic DO concentration and areal extent (Zhou et al. EST, 2013).  



Central Basin Hypoxic Area as 
function of TP Load 

Hypoxic area determined using the Zhou concentration-to-area conversion 

y = 0.5313x - 731.58
R² = 0.4578
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Presenter
Presentation Notes
This allowed us to use the 1D model to determine a hypoxic area.



2011-2012 contrast 
Load – response Models 

Cyanobacteria Blooms in Western 
Basin  



August 11, 2011 

Microcystis Bloom of 2011 

MODIS images 

September 3, 2011 

October 7, 2011 

Presenter
Presentation Notes
We are currently configuring the model to run for 2011 and 2012 in order to analyze the cause-effect relationships controlling two very different years in terms of Microcystis blooms in the Western Basin.  2011 was the largest blue-green bloom on record in Lake Erie, including those observed in the 70’s.



Maumee phosphorus load fueled 
2011 bloom 

Several large events from March 
– May, followed by very low 
flows for rest of the summer.  
Very little Detroit River dilution; 
main plume moved to Central 
Basin north of Pelee Island. 

Note apparent 
diluting effect of 

Detroit River 

Flow-weighted 
SRP concentration 
≈85 ug/L 

Presenter
Presentation Notes
Describe hypothesized cause-effect issues for 2011 bloom…Maumee has much higher concentration of DRP than Detroit River.



Maumee River Discharge 

Data obtain from USGS gage at Waterville, OH 

120 billion cu ft 
difference or 3.4 km3 

(Western Basin volume 
= 22 Km3) 

Presenter
Presentation Notes
Confirmation of the role of Maumee River load by comparison with 2012, a perfect natural experiment.



Maumee River TP Load 

Data obtain from Heidelberg College 

2,000 MT difference 
(equivalent to ~30% of 
total TP load to  entire 
WBLE for most years 
in this decade) 

2003-2012 water year averages: 
  annual load = 2437 mt/yr 
  FWMC = 402 ug/L 

Presenter
Presentation Notes
Note big difference in TP load in march-may; virtually no TP load from Maumee in April and May in 2012



Maumee River SRP Load 

Data obtain from Heidelberg College 

400 MT difference 
• equivalent to ~ 1 yr 

of Detroit WWTP 
effluent) 

2003-2012 water year averages: 
  annual load = 566 mt/yr 
  FWMC = 93 ug/L 

Presenter
Presentation Notes
Same for DRP load.



March-June at Waterville 
Discharge
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08/30/2012 (DOY=243) 

09/03/2011 (DOY=246) 

Presenter
Presentation Notes
2012 had Microcystis production that was about 1/10 of the production in 2011.



Can We Set Load Targets for 
Microcystis blooms? 



 

Cyanobacteria-bloom Intensity (CI) as a 
function of June TP load and Spring discharge 

Stumpf et al., 2012  PLoSONE.  

TP for June Spring Q wet 
Mar-May 

dry 
Mar-May 

Presenter
Presentation Notes
Here is the scatterplot of the relationship between bloom intensity and TP for June & discharge for spring (Mar – Jun)Except for 2004 and 2011, TP in June has a remarkable relationship.  2011 was wet in Mar-May compared to June. 2004 was dry in Mar-May compared to June. The spring Q explains much better. The total spring load is clearly essential. 



 

Spring (Mar-Jun) explains annual bloom 
intensity; a lag between P supply and the bloom 

Pre-MERIS  
bloom size inferred 

(either present at 
2003 level or 

absent) 

Model 
failure 

observed 
Modeled  

Proposed model results  
Error : 0.37 CI (105 sq km) 

Ice 
“free” 

Ice 
“free” 

Stumpf et al., 2012PLoSONE.  

Presenter
Presentation Notes
The model uses exponential model against spring discharge and June TP (with some modifications on TP) as described in the paper. 2012 was predicted as low, equivalent to 2005 to 2007.   The model uses spring Q first,  then uses June TP to refine the result. Method is described in the paper. 2012 prediction has a broader “error” than the model, because any prediction inherently has greater uncertainty. However, we expected 2005-2007. 



 

Spring (Mar-Jun) explains annual bloom 
intensity; a lag between P supply and the bloom 

Pre-MERIS  
bloom size inferred 

(either present at 
2003 level or 

absent) 

Model 
failure 

observed 
Modeled  

Proposed model results  
Error : 0.37 CI (105 sq km) 

Ice 
“free” 

Ice 
“free” 

2012 
prediction 

Stumpf et al., 2012PLoSONE.  

Presenter
Presentation Notes
The model uses exponential model against spring discharge and June TP (with some modifications on TP) as described in the paper. 2012 was predicted as low, equivalent to 2005 to 2007.   The model uses spring Q first,  then uses June TP to refine the result. Method is described in the paper. 2012 prediction has a broader “error” than the model, because any prediction inherently has greater uncertainty. However, we expected 2005-2007. 



Bridgeman seeing similar relationship with 
his data 

• Relationship of Microcystis biovolume to P loading 
• Annual biovolume related to TP loadings during spring and 

early summer  
• Biweekly biovolumes related to DRP loadings 4-8 weeks 

prior 



Western Lake Erie Ecosystem 
Model (WLEEM) 

Development and Application Funded by: 
• USACE-Buffalo District (3 projects) 
• NSF (subcontract to University of Michigan) 
• Great Lakes Protection Fund (sub to TNC) 

Presenter
Presentation Notes
With initial and ongoing support of USACE-Buffalo District, we have developed a linked hydrodynamic-sediment transport-eutrophication model for the Western Basin of Lake Erie to quantitatively connect actions and conditions in the Western Basin watersheds to responses in the lake.  After the initial model development support by the Corps, we have also obtained additional support for the continued development and application of the model.



Western Lake Erie Ecosystem Model 
(WLEEM) Objectives 

 Model ecological response of Western 
Basin of Lake Erie to external (Maumee 
Watershed) and internal (wind-driven 
resuspension) sources: 
 Sediment sedimentation and turbidity 
 Nutrients nuisance & harmful algal blooms 

 Support Management and Research in 
WLEB: 
 Link with Maumee watershed model to quantify 

response to current sediment and nutrient loads 
and to specific changes in watershed land use 
and management actions (e.g., BMPs) 

 Simulate in-lake responses to climate change 
driven extreme event scenarios  

 Support the quantification and analysis of GLRI 
metrics for sedimentation and harmful algal 
blooms in the Maumee River/Bay and Western 
Basin  

Presenter
Presentation Notes
Ongoing uses of the model re listed here



Western Lake Erie Ecosystem Model (WLEEM) Framework 

 
Hydrodynamic  

Sub-Model 
 

EFDC Model 

 
Sediment Transport 

Sub-Model 
 

“Simulating Waves  
Nearshore” (SWAN) 

Wind-Wave 
Sub-Model 

Nutrient & 
Eutrophication 

Sub-Model (A2EM) 

Shear 
Stress 

Hydrodynamics 
•Water level 
•Current velocity 

Water Quality Linkage 
•Flows 
•Suspended solids 
•Settling/resuspension rates 

Wind-Waves 
•Significant height 
•Direction 
•Frequency 

•Current 
velocity 

Presenter
Presentation Notes
Linked hydrodynamic-sediment transport-water quality model – include SWANModel domain includes lower Maumee River (below Waterville) through entire western basin of Lake Erie (Curvilinear GVC grid with 4613 horizontal cells - 26,387 Total Cells (3D))



Phosphorus Cycling in WLEEM 

Phytoplankton Zooplankton 

Upper Trophic Levels 

External P Loads (SRP, PIP, POP) 

Uptake of PO4 

Grazing Predation 

Phytoplankton 
Settling 

Resuspension 

Fecal Pellet 
Settling 

Detrital P  
Settling Diffusive 

Exchange 

Feces/Pseudofeces 
Deposition 

Filtering 
Release of  

PO4 

Release of PO4 

Exchange 
with Offshore 

Solar Radiation 

Decay and 
Mineralization 
- release of PO4 

Lyngbya , 
Other Benthic 
Algae 

Presenter
Presentation Notes
Here is the essence of the water quality model – basically the relationship between phosphorus loads and algal blooms	have included both Dreissenids and benthic algae, in addition to multiple phytoplankton groups, including Microcystis sp.



Suspended Solids Animation  
(beginning 5/12/2004) 

Data provided by: 
 Pete Richards and Dave Baker, Heidelberg University  
 Tom Bridgeman, University of Toledo 

Maumee Flow: 28,200 cfs 

Presenter
Presentation Notes
 wind-driven resuspension, contrasted with runoff event with high sediment loading from Maumee...



TP and DRP Animations 
(comparison of 2011 and 2012) 

Presenter
Presentation Notes
 wind-driven resuspension, contrasted with runoff event with high sediment loading from Maumee...



Baseline (calibration) run of TP spatial 
distribution on July 12, 2004 

Presenter
Presentation Notes
Next two slides show example of how model responds to actions that reduce nutrient loads to the lake.



Same model run with 40% reduction in 
Maumee River TP load (July 12, 2004) 



Baseline 

40% Reduction of 
Maumee River 

40% Reduction 
of Detroit River 

River Bay Western Basin 

Monthly Average TP and Chlorophyll- August 2004 

Presenter
Presentation Notes
Can we use WLEEM to build a load-response plot of Maumee load for May-June vs July-sept chlorophyll a in Western Basin?



Linked Watershed-WLEEM Allows 
Connection between actions in Maumee 

watershed and In-lake Response 

Combination BMP (cover 
crops + 3-meter filter strips) 

Presenter
Presentation Notes
Then with the linked model we can relate the P load reduction to the reduction in algal biomass in the Western Basin…



Same scenarios related to spring P 
loading from Maumee 

Combination BMP (cover 
crops + 3-meter filter strips) 

Presenter
Presentation Notes
Then with the linked model we can relate the P load reduction to the reduction in algal biomass in the Western Basin…
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