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Abstract  
As eutrophication and the associated dominance of cyanobacteria continue to increase 

across inland waterbodies, local officials are seeking novel methods to proactively 

manage water resources. Presently, however, there is no long-term cyanobacteria 

forecast that can provide advance warning of a potential threat in the upcoming season 

for beach managers. In this study, a statistical model is developed utilizing local and 

global scale season-ahead hydro-climatic predictors to evaluate the potential for 

informative cyanobacteria biomass forecasts across the June-August (JJA) season to 

aid in beach management. Model skill is quite strong in comparison to JJA 

cyanobacteria observations (R2=0.52, RPSS=0.64). Cyanobacteria predictions are in 

turn used to inform categorical forecasts of JJA beach days closed, specifically the 

probability of normal (0-2 days closed) and above normal (> 2 days closed). Forecast 

categories and observed categories tend to correlate strongly, with 70% to 90% of 

predictions falling into the correct category across the six beaches modeled, 

demonstrating encouraging prediction skill. 

To assess the potential application and value of the forecasts developed, local 

stakeholders, including non-profit organizations, University of Wisconsin – Madison 

affiliates, and government agencies that are involved in various aspects of water 

resources research and management, were asked to participate in a qualitative study 

consisting of an online survey and focus group discussion session. From both the 

survey and the focus group discussion session we identified an expressed interest from 

stakeholders for integrating season-ahead cyanobacteria and beach closing forecasts 
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into current beach management practices, particularly for the purposing of improving 

public safety and increasing public awareness. However, there were alternative 

stakeholder visions of the value of the forecasts, likely due to the absence of real world 

examples. Nonetheless, we conclude that there is clear untapped potential for the 

application of season-ahead forecasts to local beach management. 
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CHAPTER 1: Introduction 

1.1 Motivation  
Season-ahead forecasts have recently become a focus of research in the water 

resources field to help address key societal and economic issues (Wood et al. 2005; 

Hansen et al. 2011). Particular emphasis has been placed on the development of 

season-ahead forecasts to aid in agricultural and reservoir management (Block et al. 

2009; Hansen et al. 2011). Although clear progress is evident in the development of 

season-ahead forecasts predicting water quantity through metrics such as seasonal 

precipitation and discharge, little attention has been given to the application of season-

ahead forecasts for water quality management.  

One of the most publicized threats to water accessibility is the crippling presence of 

cyanobacteria, photosynthetic bacteria that thrive in culturally eutrophied waterbodies 

characterized by large anthropogenic influxes of nutrients from watershed development 

(Steinberg and Hartmann 1988; Taranu et al. 2012). Cyanobacteria are of particular 

concern to water resource managers given their ability to produce dangerous toxins, 

which threaten the recreational and municipal usability of the waterbody. In 2011 Lake 

Erie experienced one of the largest cyanobacteria blooms on record (International Joint 

Commission 2014). During the bloom period, a lack of advanced warning of the 

upcoming threat for water resource managers resulted in approximately 400,000 Toledo 

residents losing access to municipal drinking water for three days due to high levels of 

toxins. Local tourism, recreation, and fishing industries were also severely impact by the 
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bloom. However, the impacts of cyanobacteria are not unique to Toledo. Smaller 

communities, such as Madison, WI, have faced similar challenges. In 2008, Lake 

Mendota experienced a summer of cyanobacteria significantly worse than previous 

years. During this summer, there were an elevated number of beach closings and 

illness reports due to cyanobacteria according to data collected by Public Health 

Madison and Dane County, which ultimately impacted the local Madison economy 

through a decline in tourism and recreation. The distress felt by communities such as 

these has prompted the current wave of research into forecast development and 

application in order to help managers proactively supervise their water resources 

(Wynne et al. 2013; Obenour et al. 2014) 

Short-term cyanobacteria forecasts are currently available through entities such as the 

National Oceanic and Atmospheric Administration (NOAA) for the purpose of beach 

management (Kavanaugh et al. 2013). These forecasts are issued up to 5 days out, 

based on local meteorological conditions and high-resolution satellite imagery. Unlike 

the available short-term forecasts, existing season-ahead forecasts of cyanobacteria 

abundance are contingent solely on spring phosphorus loadings, (e.g. by NOAA Great 

Lakes Environmental Research Laboratory) and are used to to determine necessary 

nutrient reductions to develop targeted local nutrient management plans (Stow et al. 

1997; Lathrop et al. 1998; Obenour et al. 2014). To date, phosphorus has been the 

focus of season-ahead cyanobacteria abundance forecasting efforts, primarily because 

it anthropogenic and therefore can be managed. However, the productivity of 

cyanobacteria is controlled not only by phosphorus, but by the state and reactions of 



	

	 3	

many physical, chemical, and biological variables during both the previous and 

concurrent seasons (Ostfeld et al. 2015) (Fig. 1), creating a complex array of ecosystem 

processes.   

 
Fig. 1 Key concurrent and prior season variables driving cyanobacteria productivity 
(PAR abbreviation for Photosynthetically Active Radiation). 

The application of forecasts to beach management allows the consideration of many 

drivers of cyanobacteria productivity, including those that are non-anthropogenic. 

Although the complex dynamics controlling cyanobacteria abundance are not fully 

understood, we recognize the potential for improving the skill and extending the 

prediction window of current cyanobacteria abundance forecasts by incorporating 
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hydro-climatic (e.g. non-manageable) drivers such as those used in existing short-term 

forecasts.  

The focus of this research is two-fold. First we aim to develop and assess the skill of 

season-ahead cyanobacteria abundance forecasts, with particular attention given to 

non-manageable drivers as predictors, and second we aim to determine the application 

and value of these forecasts to local beach management. 

1.2 Case Study: Lake Mendota 
Lake Mendota in Madison, Wisconsin, offers a unique opportunity to develop season-

ahead cyanobacteria abundance predictions to aid in local beach management, as it 

has a long history of eutrophication dating back to the 1940s, although characteristic 

cyanobacteria blooms were recorded as early as the 1880s (Lathrop 2007). Municipal 

wastewater discharge fueled high nutrient concentrations recorded in the lake from the 

1940s – 1970s. However, even after wastewater was diverted, Lake Mendota has 

remained in a eutrophied state due to agricultural and urban development in the upper 

Yahara watershed (Lathrop et al. 1998). Because of this long-standing history of 

eutrophication, Lake Mendota has been monitored and studied extensively by state 

agencies and the University of Wisconsin-Madison for many decades, producing a long-

term record of limnological—particularly cyanobacteria abundance—data (LTER 2015) 

(Fig. 2). To compliment this biological data, beach-closing data is available through the 

Public Health Madison & Dane County for 2005-2014 (Fig. 2).  This rich data makes 
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Lake Mendota an excellent candidate for the development and evaluation of season-

ahead cyanobacteria predictions. 

 
Fig. 2 Lake Mendota, Wisconsin with select beach and North Temperate 
Lakes Long Term Ecological Research (NTL-LTER) buoy locations (Photo: 
Google Earth) 

1.3 Research Objectives  
The major problem addressed in this research is summer cyanobacteria variability and 

the resulting inability of managers to proactively manage beaches to protect public 

health. The objectives of this research are as follows: 

• Evaluate the ability of local and global variables to explain cyanobacteria 

abundance  

• Develop statistical season-ahead forecast (3-month lead time) for cyanobacteria 

abundance 

• Apply season-ahead cyanobacteria forecast results to beach management 

			Marshall		
			Spring	Harbor	
			James	Madison	
			Tenney 		
			Warner	
			NTL-LTER	Buoy	

Lake	Mendota	
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information (beach closings) 

• Assess predictive skill of models with performance skill metrics 

• Evaluate forecast model application and value of forecast models through 

stakeholder engagement 
 

1.4 Outline  
The work for this thesis is divided into two major sections.  

Chapter 2 focuses on the development of the statistical season-ahead forecast for 

cyanobacteria abundance and applying the results to beach management. Specifically 

this chapter focuses on predictor variable selection and model development. Cross-

validated hindcast model results are presented for the cyanobacteria abundance and 

beach closings metrics across the June-August season. 

Chapter 3 covers the assessment of model application and value. This section 

discusses the stakeholder focus group survey and discussion session results regarding 

forecast application and value to local beach management. 

Chapter 4 contains a summary of results and concluding remarks.  
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CHAPTER 2: Statistical Season-Ahead 
Cyanobacteria Abundance and Beach 
Closing Forecast Models 
This thesis proposes a season-ahead statistical model to address the need of local 

beach managers in Madison, WI for early-warning information regarding summer 

cyanobacteria abundance. Unlike previously developed season-ahead cyanobacteria 

forecast models, the proposed model utilizes both local and global non-anthropogenic 

drivers to improve the predictive skill of cyanobacteria abundance in Lake Mendota. The 

forecast model is constructed using principal component analysis (PCA) with leave-one-

out crossvalidation to remove collinearity among the predictor variables and reduce 

artificial skill. The results of the cyanobacteria forecast model are then applied to beach 

closing information to inform local management practices. 

2.1 Defining Predictand Variables 
	
Cyanobacteria abundance and beach closings are both targeted for season-ahead 

prediction.  For the Lake Mendota case study, peak cyanobacteria productivity and 

beach closings occur primarily across the June-August (JJA) season. Average 

cyanobacteria summertime biomass is adopted to represent overall cyanobacteria 

productivity within the lake ecosystem from 1995-2012 (Fig. 3; data from NTL-LTER).  
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Fig. 3 June-August (JJA) average cyanobacteria biomass for 1995-
2012 measured at NTL-LTER buoy in Lake Mendota (see Fig. 2 for 
location)  

To describe seasonal beach closings during the 2005-2014 period, two separate 

metrics are developed: beach days closed (number of days beach is closed during a 

single JJA season due to cyanobacteria), and beach periods closed (number of periods 

beach is closed during a single JJA season, defined as one or more consecutive days 

closed) (Fig. 4 & 5). Figure 6 presents a synthetic example of two seasons that have an 

equivalent number of days closed (10) yet the periods closed clearly differ (1 vs. 3.)  

Together, these two metrics better define the distribution of beach closings across the 

season by detailing the total number of days closed and how those days are grouped 

throughout the season.  
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Fig. 4 June-August beach days closed due to cyanobacteria abundance 
(data courtesy of Public Health Madison & Dane County) 

 
Fig. 5 June-August beach periods closed due to cyanobacteria 
abundance (data courtesy of Public Health Madison & Dane County) 
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Fig. 6 Example of beach days closed and periods closed for two synthetic 
seasons with a blue rectangle indicating one beach day closed and a red 
rectangle indicting one beach day open 

2.2 Predictor Identification 
Criteria for selecting season-ahead predictors for cyanobacteria biomass and beach 

closings are outlined as follows: 

1. Predictor variables selected from March-May (MAM; springtime) season; one 

season lead  

2. Both local and global scale variables are eligible  

3. Correlation coefficients between predictor variables and JJA average 

cyanobacteria biomass must be statistically significant at the 90% level 

4. Predictor variable values must be easily obtainable and available by May 30th 

Utilizing these criteria, the field of potential predictors narrows to persistent climate 

variables and local spring drivers of cyanobacteria discussed in detail in the next 

June	 July	

June	 July	

Beach	Days	Closed	=	10 	 																	Beach	Periods	Closed	=	1	

Beach	Days	Closed	=	10 	 																	Beach	Periods	Closed	=	3	
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section.  Since beach closings of interest are due to cyanobacteria only, the assumption 

is made that the predictor variables affecting beach closings will align with 

cyanobacteria biomass. 

2.2.1	Local-scale	
Prospective local-scale spring drivers include residual (legacy) and external phosphorus 

loadings and metrological variables, including temperature and precipitation. Spring 

phosphorus loading is recognized as the main driving nutrient of primary production for 

many lake ecosystems (Bennett et al. 1999; Håkanson et al. 2007). Multiple existing 

forecasts have illustrated the notable predictive power of spring total phosphorus 

loading on summertime cyanobacteria abundance (Stow et al. 1997; Lathrop et al. 

1998; Downing et al. 2001; Håkanson et al. 2007; Obenour et al. 2014; Ostfeld et al. 

2015). However, researchers have also noted the importance of meteorological events, 

including temperature and precipitation, during the spring season (Paerl and Huisman 

2008; Reichwaldt and Ghadouani 2012; Stow et al. 2015). 

Air temperature is a unique driver of cyanobacteria abundance because it may both 

directly and indirectly promote productivity (Taranu et al. 2012). High temperatures 

(>25°C) have been thought to directly maximize the overall cyanobacteria productivity 

rate provided the necessary nutrients are available. However, in the past decade, 

researchers have noted that within the acceptable temperature range for cyanobacteria, 

higher temperatures have little direct effect on cyanobacteria productivity (Wagner and 

Adrian 2009; Elliott 2012). Still, cyanobacteria are more capable of withstanding higher 
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temperatures than other algal groups. In this sense, higher temperatures directly favor 

cyanobacteria because other algal groups are not present to compete for the common 

pool of nutrients. Spring temperatures, therefore, can influence the onset of 

cyanobacteria dominance. If spring temperatures are higher than average, early onset 

may allow cyanobacteria to firmly establish their dominance in the algal population 

sooner in the year, promoting high productivity throughout the remainder of the season 

and well into the summer. Therefore, spring temperatures may be indicative of 

cyanobacteria intensity in the upcoming summer.   

High spring temperatures have also been shown to have positive indirect effects on 

cyanobacteria by increasing the duration and stability of lake stratification (Huber et al. 

2012; Taranu et al. 2012). Certain dominant species of cyanobacteria in eutrophic 

waters, such as Anabaena, prefer stable water columns (Paerl 1988). Therefore, 

increased temperatures indirectly stimulate productivity of this particular species. In 

addition, during periods of stratification, eutrophic lakes typically experience oxygen 

depletion which in turn drives phosphorus release in the hypolimnion (Wagner and 

Adrian 2009; Huber et al. 2012). Many species of cyanobacteria are unique compared 

to other algal populations in that they can vertically migrate the water column through 

buoyancy regulation, allowing access to nutrients that are unavailable to other nutrient 

competitors (Paerl 1988; Soranno 1997; Wagner and Adrian 2009; Taranu et al. 2012). 

Thus, spring temperatures regulate the onset, duration and stability of lake stratification, 

affecting the productivity and dominance of cyanobacteria in the summer.  
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In addition to temperature, precipitation and discharge during the spring season have 

been thought to notably impact cyanobacteria productivity through the conveyance of 

nutrients – particularly phosphorus – from the watershed. Both the intensity and 

frequency of precipitation events affect the discharge loading concentration, distribution, 

and residence time of phosphorus within a lake, and further influence the overall 

availability of phosphorus to cyanobacteria in the upcoming summer season 

(Reichwaldt and Ghadouani 2012; Stow et al. 2015). Higher intensity storms increase 

discharge, which tends to input higher concentrations of particulate phosphorus than 

lower intensity storms and their associated flows (Reichwaldt and Ghadouani 2012). 

This bias towards particulate phosphorus is due to higher intensity storms promoting 

local erosion of the watershed through increased discharge; however, particulate 

phosphorus is not as readily available for uptake and likely contributes to longer-term 

trends in productivity.  Phosphorus loading data also requires additional processing, 

delaying the availability of this information. Therefore, spring precipitation and discharge 

are appealing surrogate candidates for nutrient contribution as they are available in 

almost real-time, and may provide key insight into summer cyanobacteria dynamics that 

is not readily evident from total phosphorus measurements. Although the above 

relationships and dynamics are somewhat generalizable, researchers assert that the 

specific effects of local-scale meteorology and nutrient loading shifts and intensification 

are dependent on the composition of cyanobacteria population and lake characteristics 

and therefore must be determined on a case by case basis (Reichwaldt and Ghadouani 

2012; Anneville et al. 2015).    
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2.2.2	Global-scale	
Large-scale atmospheric-oceanic climate variables may also influence local 

cyanobacteria productivity through atmospheric teleconnections, particularly by shifting 

the probabilities of climate and meteorological conditions over the watershed. The El 

Niño Southern Oscillation (ENSO), a warming or cooling of sea-surface temperatures in 

the equatorial Pacific Ocean, is perhaps the most well-known and studied oceanic-

atmospheric climate phenomena with global impacts (Ropelewski and Halpert 1986; 

Ropelewski and Halpert 1987; Sarachik and Cane 2010). Sea-surface temperatures 

(SST) are particularly advantageous from a prediction perspective as they fluctuate 

slowly over time, often allowing anomalies to persist across numerous seasons.  In 

conjunction with sea-level and atmospheric pressure systems, this can alter the position 

and strength of the jet stream and thus local climate conditions. Therefore, physically 

relevant locations of SST and atmospheric pressure variables are included as potential 

season-ahead predictors, with particular emphasis on the equatorial Pacific Ocean. 

2.3 Model Development & Assessment 
2.3.1	Principal	Component	Analysis	(PCA),	Leave-One-
Out	Cross-Validated	Models	
	
A principle component analysis (PCA) and regression modeling approach was selected 

to predict cyanobacteria abundance and beach closings metrics outlined above due to 

its simplicity, which makes the model accessible to a variety of audiences including 

researchers, managers, and the general public.  PCA decomposes a space-time 
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random field and produces a set of orthogonal time (PCs) and space patterns that 

include the dominant signals stemming from the original set of predictors (von Storch 

and Zweirs 1999; Block et al. 2009).  Additionally, PCA efficiently accounts for multi-

collinearity that may be present in the predictors – a common problem in linear 

regression.  The PCs are arranged in descending order according to the percent of 

variance explained in the original predictors, and sum to one hundred percent. Typically, 

the first few PCs explain the majority of variance in the data.  Here, Kaiser’s Rule is 

adopted, which specifies retaining all PCs with eigenvalues greater than one (Kaiser 

1960). The retained PCs are then applied as predictors in a multivariate linear 

regression model to predict JJA average cyanobacteria biomass and beach closings.  

Leave-one-out cross-validation is applied in hindcast mode across 1995-2012 to 

evaluate model skill. This PCA leave-one-out cross-validation model takes the general 

form of Equation 1, where αi and βi are coefficients and 𝑃𝐶1!  represents the first 

principle component calculated with the i-th year dropped and 𝑌!  represents the 

predicted value for the i-th year.  (For all analyses conducted here, only the first PC, 

PC1, is retained.)  To account for uncertainty, random deviates from the standard 

deviation of the prediction error are added to the model (median) prediction (Helsel and 

Hirsch 1995).  

𝑌! = 𝛼! + 𝛽!𝑃𝐶1!                 Equation 1 
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2.3.2	Model	Performance	Metrics	
To assess model performance, model results are compared with observations of 

cyanobacteria biomass and beach closings using performance scores including: Heidke 

Skill Score (HSS), Ranked Probability Skill Score (RPSS), and a Hit-Miss Matrix.  In 

addition to these metrics, Pearson and Spearman correlation coefficients, Forecast 

Bias, and False Alarm Ratio (FAR) are also calculated for the cyanobacteria biomass 

forecast.  Forecast bias is the ratio of how often a specific category is forecasted to how 

often the specific category is observed with a bias value equal to 1 indicating an 

unbiased forecast and values greater than and less than 1 indicating over-forecasting 

and under-forecasting, respectively. FAR is a simple ratio of the number of non-

occurrence forecasts of a specific category and the total number of times the specific 

category is forecasted. Values for this metric range from 0 to 1, where 0 indicates a 

perfect score. 

Both HSS and RPSS, described in detail below, evaluate the model’s ability to predict 

categorical outputs (e.g. high vs. low) and determine model performance according to 

prediction improvements as compared to a reference forecast, typically based on 

observed data statistics and referred to as climatology.  For hydro-climate prediction, a 

three-category division is often adopted, with the reference forecast based on equal 

probability of categories (33% each.)  This approach is applied to the JJA average 

cyanobacteria biomass prediction for below normal, near normal, and above normal 

conditions, denoted as [B N A].  For beach days closed and beach periods closed, a 

two-category division with normal (x(i)≤2) and above normal (x(i)>2) is adopted and 
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denoted as [N A], where x represents the observation in the i-th year.  The 

observational probabilities of each category are not equal in this case and are also 

beach location dependent. 

2.3.2.1	Heidke	Skill	Score	(HSS)	

The HSS takes the general form of Equation 2, which describes forecast skill in terms of 

i,j=[B N A].  The joint distribution of forecast and observations is described by P(Fi,Oj) 

while the marginal distribution of forecasts and observation is described by P(Fi) and 

P(Oj), respectively (Wilks 2011).  HSS values range from -∞ to 1, where 0 represents no 

skill and 1 represents a perfect forecast. 

HSS= 
!(!!,!!)  ! ! !(!!)!(!!)!

! – !(!!)!(!!)!
     Equation 2 

2.3.2.2	Ranked	Probability	Skill	Score	(RPSS)	

The RPSS measures forecast skill by accounting for the magnitude of error in the 

forecast, a clear advantage over HSS (Wilks 2011). For example, in the case of a [B N 

A] category forecast, if the above normal category is observed, RPSS would penalize a 

forecast that predicts below normal conditions more than a forecast that predicts near 

normal conditions.  First, the ranked probability score (RPS) is calculated according to  

Equation 3: 

 𝑅𝑃𝑆=
!

!!"#!!
(𝑃𝑐𝑢𝑚𝑓𝑐𝑡!!"# − 𝑃𝑐𝑢𝑚𝑜𝑏𝑠!!"#

!!"#
!!"# )!  Equation 3 
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where ncat is the number of forecast categories and icat is the category number. 

Pcumfcticat and Pcumobsicat are the cumulative probability vectors of the forecast and 

observation, respectively, for the specific category of interest. RPSS then compares the 

RPS of the forecast, RPSfct, to the RPS of climatology, RPSclim, through Equation 4: 

 RPSS=1 − !"#!"#
!"#!"#$

       Equation 4 

As with HSS, RPSS values range from -∞ to 1, where 0 represents no skill and 1 

represents a perfect forecast. 

2.4 Model Results & Discussion 
2.4.1	Cyanobacteria	Biomass	Model	
As previously detailed, both local and global scale variables are considered as potential 

predictors for JJA average cyanobacteria biomass. Local scale potential predictor 

variables, including various indices of air and water temperature, phosphorus loadings, 

precipitation events, and discharge, are correlated with JJA average cyanobacteria 

biomass individually and retained for final model construction if statistically significant at 

the 90% level (Table 1). Global scale climate predictors, including SST and pressures, 

are identified using gridded correlation maps (e.g. Fig. 7). In addition to selecting 

regions that meet the 90% level statistical significance requirement, teleconnections 

between oceanic-atmospheric regions and the upper Yahara watershed must also be 

demonstrated.  SST produced strong correlations in the equatorial Pacific Ocean, which 

coincides with the established ENSO influence on climate in the upper Midwestern 
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United States (Legler et al. 1999; Smith et al. 1999; WICCI 2011), with winters tending 

to be warmer and drier during recent El Nino phases(Midwestern Regional Climate 

Center 2016).  

Cyanobacteria Biomass Predictors Pearson  Spearman  Source 

MAM Precipitation Events > 25mm per day 0.71 0.77 MRCC 

MAM Avg. Discharge (USGS Station 
05427850)* 

0.57 0.47 USGS 

MAM Avg. SST in Equatorial Pacific -0.62 -0.48 NOAA 

MAM Avg. Mean Air Temp -0.15 -0.07 MRCC 

May Avg. Water Temp -0.11 -0.13 NTL-LTER 

MAM Avg. High Air Temp -0.16 -0.1 MRCC 

Stratification Onset (Julian Day from Year Start)* -0.09 -0.15 
USGS 

Dynamic 
Model 

Number of MAM Daily Highs above MAM Avg. 
High 

-0.12 -0.06 MRCC 

MAM Avg. GH 500 mbar (Caribbean) -0.41 -0.44 NOAA 

MAM Avg. GH 500 mbar (near Aleutian Islands) -0.33 -0.39 NOAA 

MAM Total External Phosphorus Load (USGS 
Station 05427850)* 

0.34 0.54 USGS 

Mid April In-Lake Unfiltered Phosphorus 
Concentration** 

0.08 0.03 NTL-LTER 

Table 1 Pearson and Spearman correlation coefficients between JJA average 
cyanobacteria biomass and select potential predictor variables; bold values indicate 
statistical significance at the 90% level  (* = 1995-2002 interpolated from upstream 
USGS station 05427718, ** = data only available for 1996-2012) 
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Fig. 7 Correlation map of MAM average SSTs and JJA average 
cyanobacteria biomass with the red box highlighting the general 
region chosen for the MAM average SST predictor  

Although the summer impacts of ENSO in the Midwest are less pronounced, early 

summer months tend to be characterized as cooler and wetter than normal (Midwestern 

Regional Climate Center 2016). Although other regions of statistically significant 

correlation between SST and summertime cyanobacteria abundance exist, convincing 

teleconnection patterns are not overly apparent, thus the selection of SST is restricted 

to the equatorial Pacific Ocean (see Fig. 7 for illustration of SST region). Thus the final 

suite of season-ahead (MAM) predictors includes average discharge, the number of 

precipitation events exceeding 25 mm per day, and average SST in the equatorial 

Pacific Ocean (210W-160W, 20N-10S). Large precipitation events can flush high 

concentrations of nutrients off of the local watershed and into surrounding streams and 

rivers, eventually reaching the lake (Schueler 1987). While large melts and rainfall 

events may occur in February, the majority of phosphorus transport typically occurs 

Large Scale Predictor: SST 

8 
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during the MAM season (Carpenter et al. 2014 Aug 2). A strong response mechanism 

was also expected between summer cyanobacteria biomass and spring temperature 

fluctuations, none of the temperature-based predictors investigated correlate at a 

statistically significant level with biomass. Temperature fluctuations occurring in the 

spring are accompanied by a variety of additional environmental changes, complicating 

the direct response of cyanobacteria to temperature (Konopka and Brock 1978). In 

addition, the simplicity of the temperature-based predictors proposed may not be 

capable of fully capturing the response of summer cyanobacteria biomass to 

temperature nuances occurring throughout the season. 

According to Kaiser’s Rule, only the first PC, which explains approximately 65% of the 

variance, is retained for inclusion in the linear regression model.  A cross-validated 

hindcast produces Pearson and Spearman correlation coefficients of 0.72 and 0.75, 

respectively, and an R2 value of 0.52 between median model outputs and observations 

of cyanobacteria biomass, indicating reasonable model skill (Fig. 8). RPSS and HSS 

values based on categories of equal probability are 0.64 and 0.42, respectively, 

indicating overall improvement versus climatology, and model ability to generally shift 

toward the appropriate category. The Hit-Miss matrix  (Table 2) based on the [B N A] 

categorical divisions demonstrates most values lie on the diagonal (identical categories 

as desired), however there is a slight propensity toward predicting near normal 

conditions when below normal conditions are observed. In only one instance does the 

model under predict the observed category, and never under predicts by two categories. 
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Fig. 8 Box plots of JJA average cyanobacteria biomass predictions with observed 
data shown as solid line with diamonds  

The Hit-Miss matrix, FAR and Forecast Bias (Table 3) all suggest that the model is 

biased towards the normal category, however, arguably the model’s ability to skillfully 

predict the above normal category – when cyanobacteria is most abundant and 

managers most concerned – is highly advantageous.  That said, the cyanobacteria 

peaks in 2000 and 2008 are clearly under predicted – even though they are in the 

correct category – and may require further investigation if prediction of absolute values 

(in lieu of categorical) is desired. 
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 B N A Forecast 
B 2 1 0 
N 4 4 1 
A 0 1 5 
 Observed 

Table 2 Hit Miss Matrix for categorical JJA average cyanobacteria 
biomass forecast and observations 

Category Forecast Bias FAR 
B 0.5 0.33 
N 1.5 0.56 
A 1.0 0.17 

Table 3 Forecast bias and false alarm ratio 
(FAR) results for categorical JJA average 
cyanobacteria biomass predictions 

2.4.2	Beach	Models	

Categorical forecast models for beach days closed and periods closed are developed 

for three beaches (Tenney, Warner, and James Madison) located along the eastern 

side of Lake Mendota (Fig. 2).  Drawing on the same predictors as for cyanobacteria 

biomass, beach prediction models utilize season-ahead average discharge and the 

number of precipitation events exceeding 25 mm per day as predictor variables.  The 

SST region in the equatorial Pacific Ocean previously applied does not statistically 

significantly correlate with beach closings at the required 90% level and is dropped.  

This exclusion is likely due to the relatively short time period of available beach data, 

restricted to 2005-2014, and potentially a larger dependence on dynamic lake 

processes.  As with the cyanobacteria biomass model, only the first PC is retained 

according to Kaiser’s Rule for inclusion in each of the beach linear regression models.  

Cross-validated hindcast model results for days and periods closed at each beach 
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indicate reasonable model skill and an improvement over climatology (Table 4; Fig. 9 & 

Table 5 for James Madison beach and days closed only).   

 
Fig. 9 Bar chart of beach days closed categorical predictions for 
James Madison with observed category shown as grey star. 

 Beach Days Closed Beach Periods Closed 

Beach Median 
RPSS 

HSS R-squared Median 
RPSS 

HSS R-squared 

James Madison 0.58 0.62 0.56 0.55 -0.45 0.17 
Tenney  0.79 0.80 0.61 0.64 0.55 0.49 
Warner 0.24 0.40 0.13 0.22 0.35 0.24 

Table 4 Skill metric results for beach forecast models 

 N A Forecast 

N 4 0 
A 2 4 

                     Observed 
Table 5 Hit Miss Matrix for categorical James 
Madison beach days closed forecast and 
observations 
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Beach days closed tend to be more skillful than beach periods closed, however 

performance metrics are highly sensitive to the short hindcast period, and strongly 

influenced by data in single years.  This limited number of data points is especially 

problematic for prediction in extreme years (e.g. 2013, Fig. 9).  In the case of James 

Madison beach, predictors co-vary quite closely with the number of beach days closed 

except for 2013-2014 (Fig. 10); further investigation is required into why these patterns 

diverge. Comparing across beaches, the Tenney prediction models tend to outperform 

other beaches’ models, likely due to its close proximity to the cyanobacteria sampling 

buoy (favorable predictor selection), beach orientation, and lake dynamics. 

 
Fig. 10 Illustration of co-variance of normalized predictors and beach days 
closed for James Madison  
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Chapter 3: Forecast Application and Value 
Assessment 
The forecast models proposed will provide water resource managers in the city of 

Madison, WI with a season-ahead categorical characterization of both cyanobacteria 

abundance and number of beach closings in the upcoming summer. While forecasts 

can be produced for cyanobacteria abundance and beach closing metrics, it does not 

necessarily imply the forecasts are usable and valuable tools for water resource 

managers. Therefore, the second focus of this research aims to answer key questions 

pertaining to the application and value of these forecasts: How can the developed 

forecasts alter or enhance current management practices? What determines if 

managers utilize forecast information? How can we measure the value of forecast 

information? 

Opportunities and constraints of forecast tools in water resources have commonly been 

assessed using stakeholder surveys and discussion groups (Mase and Prokopy 2014). 

For this study, a two-component stakeholder study is used to identify potential 

applications and value of the developed forecasts as a local beach management 

decision tool.  Results from this portion of the study will be utilized to further refine the 

forecasts and outputs to the needs of local managers. 

3.1 Stakeholder Study Methodology 
To assess the potential application and value of the cyanobacteria abundance and 

beach closing forecasts developed for Lake Mendota, we conducted a two-part study 
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consisting of a stakeholder survey and focus group session. Stakeholder participants 

were group into three board categories according to association (University of 

Wisconsin Affiliates, Non-Profit Organizations, and Government Agency) and identified 

having an interest in cyanobacteria and beach management. A total of 20 stakeholders 

were invited to participate – 9 University of Wisconsin affiliates, 2 non-profit organization 

staff members, and 9 government agency employees. Although stakeholders were 

invited to partake in both components of the study, participation in both components 

was not required.  

The survey component of the study was distributed through Qualtrics, a web-based 

survey service, and consists of 15 open-ended, Likert scale, and ranking questions 

(Appendix A). The survey questions are divided into two portions; the first portion 

addresses general group characteristics and the second addresses forecast application 

and value. Stakeholders were not required to answer every question in order to submit 

results. In addition, both ranking questions included an optional “Other” answer, which 

allowed stakeholders to submit their own answers to include in their personal rankings. 

If the “Other” option was included, the answers were ranked on a 1-4 scale, where a 

ranking of 4 indicates the “most important” answer and a ranking of 1 indicates the 

“least important” answer. However, if the stakeholder did not specify the “Other” option, 

the answers were then ranked from 2-4 on the same scale of importance. The survey 

was available for 3 weeks between January 5, 2016 and January 27, 2016. 

The focus group session, which occurred on January 15, 2016, began by having 

participants rank paraphrased answers that were received in response to Question 11 
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of the survey (Appendix B). Upon completion of the ranking question, stakeholders then 

listened to a 30-minute presentation detailing the current model designs and results. For 

the remaining time of the focus group session, approximately 1 hour and 30 minutes, 

stakeholders engaged in an open discussion with us about the survey questions and 

preliminary results concerning the application and value of the forecasts for local beach 

management.  

3.2 Stakeholder Study Results & Discussion 
3.2.1	Survey	
Of the 20 total individuals invited to participate in the study, 10 individuals completed the 

survey. Although we had three broad stakeholder groups for this study, our primary 

target group was the “Government Agency” group, which consisted of representatives 

from agencies including the United States Geological Survey (USGS), the Department 

of Natural Resources (DNR), and Public Health Madison and Dane County (PHMDC). 

The “Government Agency” group was of particular interest in this study because the 

individuals of these agencies are likely to be the primary users of the cyanobacteria and 

beach closing tools we have developed. The majority of survey respondents were 

affiliated with the “Government Agency” group, and identified with the fields of aquatic 

biology/ecology and water resources management (Fig. 11). While the survey size is 

small, we are confident that it well represents the managers who will be using these 

forecasts in the Yahara watershed. 
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Fig. 11 Group characteristics of stakeholder survey participants 

The results of the Likert agreement scale question indicated that all individuals who 

completed the survey believe that to some degree season-ahead forecasts could 

provide valuable information to water resources managers (Fig 12). 

 
Fig. 12 Likert scale agreement question results from stakeholder survey 
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 However, three of the stakeholders seemed less confident about actual changes that 

season-ahead cyanobacteria and beach closing forecasts would bring to existing local 

beach management. Still, for all of the positive season-ahead forecast statements 

provided in the Likert agreement scale question, no individual ever indicated an answer 

of “Disagree” or “Strongly Disagree”. This suggests that, although some of the 

participating stakeholders are unsure of the impacts season-ahead cyanobacteria and 

beach closing forecasts could have on current beach management practices, there is a 

general consensus that the forecasts would be of some value to beach managers. This 

uncertainty and skepticism regarding the use of cyanobacteria forecasts in beach 

management may stem from the lack of real-world examples for this specific 

application. As previously discussed, significantly more research has gone into the 

development and application of water quantity forecasts than water quality forecasts 

and therefore managers have few, if any, real-world examples to look to for reference. 

In addition to the Likert agreement scale questions (Appendix A), stakeholders 

completed two ranking questions, one regarding usability and the other regarding value 

of the forecasts. Because we used a semi-structured response system, we included an 

“Other” option in both of the ranking questions, which allowed participants to suggest an 

additional response and include it in their final rankings For the usability ranking 

question no stakeholders indicated an “Other” options to be included in their rankings; 

therefore, usability factors were ranked on a scale from 2-5, with 5 representing the 

“most important” factor and 2 representing the “least important” factor. The results of 

this question indicated that the majority of stakeholders believe that the most important 
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factor of determining the usability of the forecast was accuracy of the predictions (Fig 

13). This result is unsurprising because with a high level forecast accuracy you would 

expect to see an increase in both the managers’ and general public’s comfort and 

confidence in the use of season-ahead forecasts for beach management. However, 

there was notably less agreement on the remainder of the usability rank options, which 

included cost of producing the forecast, public perceptions and opinions, and success of 

current practices, as indicated by the mean rankings received. This highlights the 

variety of stakeholder perspectives that should be accounted for as we continue to tailor 

the models to the needs of local managers. 

 
Fig. 13 Usability ranking question results from stakeholder survey 

For the value ranking question, one participant chose to include the “Other” option and 

wrote in “improved risk management”. It should be noted that the individual ranked this 

option as 1, which represents the “least important” factor for determining usability (Fig 
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14). According to the mean rankings, improvement of public safety, increased public 

awareness, and economic savings were ranked in order of decreasing importance, 

respectively. However, the mean ranking values were all quite close, again highlighting 

the diversity of stakeholder viewpoints. 

 
Fig. 14 Value ranking question results from stakeholder survey 

3.2.2	Focus	Group	
Of the 10 individuals who completed the survey, 7 participated in the focus group 

session and these 7 comprised the entire discussion group. At the beginning of the 

focus group, participants were asked to complete a ranking question based on the 

survey results for Question 15. This question asked individuals to suggest potential 

changes to current beach management practices that could be brought about through 

the use of season-ahead cyanobacteria and beach closing forecasts (Fig 15). Again, 

stakeholders designated “increased public awareness/outreach” as the most important 
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potential change that could be brought about by implementing the developed forecast 

into current beach management practices. Other potential changes suggested by 

stakeholders were “improved resource allocation” and “financial budgeting for sampling 

supplies, assay reagent, and labor”. 

	

 
Fig. 15 Results of application ranking question for focus group discussion 
session 
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subsequent high number of beach closings throughout the summer season. By taking 

this approach, the public can have a clearer perspective of what the seasonal beach 

closings and water quality will be like in the upcoming summer. In order to maximize the 

audience receiving this information, stakeholders suggested the use of mass media 

communication, such as news reports, articles, and social media. Participants from 

various governmental and non-profit organizations offered their websites as platforms 

for forecast information communication. Additionally, beach signage explaining the 

forecast and seasonal results was another popular suggested mode of communication 

among stakeholders. This approach allows the information to be available to anyone 

utilizing the beaches, rather than limiting communications to only individuals to access 

to television and Internet. Stakeholders speculated that the success of these 

communications could be measured by tracking the number of reported illnesses from 

cyanobacteria exposure. As public awareness and outreach increases, we would expect 

that individuals would take more precautions when utilizing the beaches, resulting in 

fewer illness reports. 

In addition to increasing public awareness and outreach, stakeholders also indicated the 

implementation of season-ahead forecasts could improve local beach managers’ 

abilities to develop and implement alternative monitoring plans and allocate resources 

accordingly. Particularly, by having a season-ahead warning of cyanobacteria and 

beach closings for the upcoming summer, managers highlighted that they could order 

and budget for the appropriate amount of reagent utilized for toxin sampling. This may 

allow us to assign a clear dollar value to the forecast information in the future.  
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Perhaps the most surprising result of the focus group was the stakeholder interest in 

and encouragement over the simplicity of the forecast models. As previously mentioned, 

the forecasts developed use linear regression to relate rainfall, discharge, and sea 

surface temperature to cyanobacteria abundance and beach closings. The predictor 

variables have simple causal relationships to the predictands, making it an easily 

understandable tool to many audiences. These variables primarily describe the general 

transportation processes of nutrients into waterbodies, in addition to influencing other 

key environmental conditions such as water column stability. These causal relationships 

likely also apply to many lake ecosystems beyond the Yahara Chain of Lakes and the 

Midwest. Therefore, participants expressed great enthusiasm in the potential application 

of these models to other regional lakes, such as Lake Winnebago, a drinking water 

source for the cities of Oshkosh, Neenah, Menasha, and Appleton.  
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Chapter 4: Concluding Remarks 
In this thesis, the development and evaluation of prospective season-ahead forecast 

models for cyanobacteria biomass and beach closings, based on local and global scale 

predictors, are presented. Previous season-ahead forecasts have utilized phosphorus 

as the primary predictor variable, given its influence on cyanobacteria productivity and 

ability to be controlled or managed. Here, other potential predictions, specifically local 

and global non-anthropogenic drivers, are also evaluated to better understand their 

potential contribution to forecast skill and ability to represent signals of phosphorus 

conveyance and distribution.  In addition, continuous sampling and processing lag times 

limit the usability of models contingent solely on phosphorus data collection – often well 

beyond one season – which may serve as a major lake management disincentive. The 

modeling framework proposed here alleviates such dependence, demonstrating 

significant prediction skill. Although the proposed framework incorporates a larger suite 

of predictor variables than utilized in previous forecasts, the modeling approach applied 

is rather simplistic – a clear strength for future applications.  

Although model performance exhibits predictive skill for both cyanobacteria biomass 

and beach closings, there are a number of noteworthy challenges. The statistical 

forecast models developed here are limited by the short time series available, with 

deficiencies particularly apparent in the inability to predict extremes, specifically 

cyanobacteria biomass in 2008 and 2013. Arguably this deficiency may be remedied by 

using physically based lake process models; however, existing dynamic models for 

Lake Mendota are calibrated explicitly for chemical constituents making them poor 
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models for cyanobacteria abundance prediction since they are not designed with the 

intent to capture cyanobacteria variability.  Another challenge is model overconfidence 

predicting the unobserved category − a result most evident in the beach models. For 

example, certain beach days closed model predictions indicate high confidence in a 

category that turned out to be incorrect (e.g. 2013, Fig. 9).  This is decidedly different 

than moderate confidence of being in the unobserved category.  Although this 

overconfidence may be a concern for future application, this characteristic will likely 

diminish as more observations are added to the model over time. Caution is warranted 

for the present version of the model if management is determined on the likelihood of a 

particular category.  

In addition to model development and skill assessment, we engaged with local 

stakeholders to determine the value and potential application of these models to local 

beach management. From the stakeholder survey and focus group session, we 

identified an expressed interest from stakeholders for integrating season-ahead 

cyanobacteria and beach closing forecasts into current beach management practices. 

Although managers believe there is value in the application of these forecasts to 

management practices, some have reservations regarding the exact value, likely due to 

the lack of real world examples. Still, participants identified that season-ahead forecasts 

could allow managers to improve public outreach, increase public awareness, inform 

monitoring plans, and accurately budget for sampling reagent and manpower. 

Therefore, measures of success may include a reduction in illness reports and savings 

gained by management agencies. Stakeholders also expressed enthusiasm towards the 
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simplicity of the models, which may allow for broader application. Additional research 

will be required to assess the possible application of these models to additional 

waterbodies in Wisconsin and throughout the U.S.  

From this study we conclude that there is clear untapped potential for the application of 

season-ahead forecasts to local beach management. Simple linear regression models, 

which utilize non-anthropogenic drivers with clear causal relationships to the 

predictands, exhibit notable predictive capacity for both cyanobacteria biomass and 

beach closings. This simple modeling approach also makes the forecasts developed 

approachable and accessible to both managers and the general public, a characteristic 

not seen in other existing models. Potential uses and valuation metrics have been 

identified and managers show a willingness and even eagerness to begin receiving 

season-ahead information regarding both cyanobacteria abundance and beach 

closings. Future work with stakeholders should continue in order to refine the forecasts 

for management purposes, which may include the development of standardized 

categorical thresholds and the determination of the most useful predictand variables for 

managers.  
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Appendix A 

	
	
	
	

Group Characteristics

1.     With which one of the following groups do you identify with? 

2.   With which one of the following water resources fields do you most strongly identify?

Season-Ahead Cyanobacteria Forecast Management Applications & Value

3. How do you describe a season-ahead forecast?

Government Agency
Non-Profit Organization
UW Affiliate

Hydrology/Hydraulics
Physical Limnology
Aquatic Biology/Ecology
Water Resources Management/Regulation
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For the following statements, please indicate your level of agreement:

    
Strongly
Disagree Disagree

Somewhat
Disagree

Neither
Agree

nor
Disagree

Somewhat
Agree Agree

Strongly
Agree

4. Season-ahead forecasts
have value in water
resources management
decisions.

  

5. Season-ahead
cyanobacteria
abundance/beach closings
forecasts would be valuable
in local beach management
decisions.

  

6. The general public would
be comfortable with the use
of season-ahead
cyanobacteria
abundance/beach closings
forecasts to inform local
beach management
practices.

  

7. Local beach managers
would be comfortable with
the use of season-ahead
cyanobacteria
abundance/beach closings
forecasts to inform beach
management practices.

  

8. Season-ahead
cyanobacteria
abundance/beach closings
forecasts would change
local beach management
practices
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9. For question 6, please explain why the general public may or may not be comfortable
with the use of season-ahead cyanobacteria abundance/beach closings forecasts to inform
local beach management practices.

10. For question 7, please explain why local beach managers may or may not be
comfortable with the use of season-ahead cyanobacteria abundance/beach closings
forecasts to inform local beach management practices.

11. Rank the following in order of importance for determining the value of cyanobacteria
abundance/beach closings forecasts for local beach management (1=Least Important &
4=Most Important)

1 2 3 4

Improvement of Public Safety

Increase of Public Awareness

Economic Savings

Other (Please indicate in next question)
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12. Please indicate "Other" from previous question if considered.

13. Rank the following in order of importance for determining the usability of cyanobacteria

abundance/beach closings forecasts for local beach management (1=Least Important &

5=Most Important)

14. Please indicate "Other" from previous question if considered.

15. Suggest how season-ahead cyanobacteria abundance/beach closings forecasts could

change local beach management practices.

1 2 3 4 5

Forecast Accuracy

Cost of Producing Forecast

Public Opinion/Perceptions

Success of Current Practices

Other (Please indicate in next question)

13. Rank the following in order of importance for determining the usability of cyanobacteria

abundance/beach closings forecasts for local beach management (1=Least Important &

5=Most Important)

14. Please indicate "Other" from previous question if considered.

15. Suggest how season-ahead cyanobacteria abundance/beach closings forecasts could

change local beach management practices.

1 2 3 4 5

Forecast Accuracy

Cost of Producing Forecast

Public Opinion/Perceptions

Success of Current Practices

Other (Please indicate in next question)
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Appendix B 
	
	
Focus	Group	Session:	Management	Sorting	
January	15,	2016							
9AM-12PM	
Engineering	Hall	Rm.	3609	
	
	
Please	rank	the	following	suggested	management	changes,	regarding	the	question	below,	in	
order	of	importance	(1=Least	Important,	5=Most	Important)	
	
Question:	Suggest	how	season-ahead	cyanobacteria	abundance/beach	closings	forecasts	
could	change	local	beach	management	practices.	
	
Rank	 Management	Change	
	 Prioritize	work	
	 Allocation	of	resources	
	 Development/Implementation	of	Monitoring	Plan	
	 Increase	Awareness/Outreach	
	 Deployment	of	physical	barriers	(i.e.	booms)	
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