
 

 

 

 

 

 

 

Remote Sensing for Regional Assessment and Analysis of Minnesota 

Lake and River Water Quality 

 

 

 

 

A DISSERTATION 

SUBMITTED TO THE FACULTY OF THE GRADUATE SCHOOL 

OF THE UNIVERSITY OF MINNESOTA 

BY 

 

 

 

 

Leif Gordon Olmanson 

 

 

 

 

 

 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 

FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

 

 

 

Marvin E. Bauer 

 

 

 

 

May 2012 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Leif Gordon Olmanson 2012 

 



 

 i 

Acknowledgements 

 

 

The completion of my dissertation and subsequent PhD has been a long journey, 

which started long before my graduate education. Although the journey to complete my 

PhD has been long, it has been thought-provoking and rewarding. My interest in 

geography and other natural resource sciences began at Gustavus Adolphus College with 

many memorable field trips and lectures taught by various professors, including: Jim 

Welsh, Mark Johnson and Joe Carlson from Geology;  Bob Bellig from Biology; and 

Robert Douglas and Robert Moline from Geography. Many thanks to these great 

professors for sparking my interest in natural resource assessment! While I have always 

been interested in finding better ways of doing things, the tools to bring together my 

interests were introduced to me at the University of Minnesota.  

My first eye opening experiences came in 1994 with Professor Robert 

McMasterôs Introduction to Geographic Information Systems (GIS) course and 

subsequent Urban GIS and Analysis course co-taught with Professor William Craig. They 

made me aware of the endless potential of this emerging technology. Later in the fall of 

1994 I met Professor Patrick Brezonik, who was co-teaching a Water Resources policy 

course and encouraged me to enroll in the newly formed Water Resources Science 

graduate program.  That winter while taking the Water Resources Science 

Interdisciplinary Seminar, also taught by Patrick Brezonik, I met Steve Kloiber. In that 

course Steve and I completed a project together where we evaluated all the lake water 

quality data that had been collected in the Twin Cities Metropolitan Area (TCMA) and 

found there was a paucity of data and a great need for better methods for regional water 



 

 ii  

quality assessment.  My final realization came in the spring of 1996 when I took the 

Advanced Remote Sensing course taught by Marvin Bauer. In that course I had the 

opportunity to explore Landsat imagery and quickly discovered that the images contained 

information about water quality and may be the answer for regional assessment of lake 

water quality in Minnesota. After convincing Professor Bauer that lakes are not black and 

that there is actual information in the imagery, I conducted my class project investigating 

the use of Landsat imagery for water quality assessment.  That work continued in my 

Water Resources Science Plan B thesis ñSatellite Remote Sensing of the Trophic State 

Condition of lakes in the Twin Cities Metropolitan Areaò which was completed and my 

masterôs degree awarded in 1997.   

Shortly after completion of my masterôs degree in Water Resources Science, I 

was hired by Patrick Brezonik and Marvin Bauer to conduct research using remote 

sensing and GIS for assessment of water quality for a number of different projects 

throughout the years. These projects are what made this dissertation possible.  Therefore, 

I give special thanks and acknowledgement to Patrick Brezonik and Marvin Bauer for 

giving me the opportunity to work on these interesting projects. In addition, I thank the 

Minnesota Pollution Control Agency, North American Lake Management Society ï U.S. 

EPA, Legislative Commission on Minnesota Resources, NASA ï Upper Great Lakes 

Regional Earth Sciences Application Center, Minnesota Department of Natural 

Resources, Metropolitan Council - Twin Cities Water Quality Initiative Grant Program, 

and the University of Minnesota for funding and research support. 



 

 iii  

This dissertation would not have been possible without the help, support, patience 

and excellent guidance of my principal advisors Marvin Bauer and Patrick Brezonik, who 

I have been working with for 15 years. Marvin Bauer has been invaluable on an 

academic, professional, and a personal level, for which I am extremely grateful. Not only 

was he readily available for me throughout the years, but he also provided me with an 

excellent atmosphere for doing research.  Patrick Brezonik, has really helped me during 

the construction and completion of each chapter. I am grateful for their wisdom, 

knowledge and commitment to the highest standards. They have always read and 

responded to the drafts of each chapter of my work quicker than I could have hoped for. I 

will also be forever grateful to them for strongly encouraging me to finish my PhD.  

I also wish to thank the other members of my dissertation committee, Joseph 

Knight and Kenneth Brooks, for generously offering their time, support, guidance and 

good will throughout the review of this document.   

I acknowledge the insightful work of Joseph Shapiro, whose efforts started the 

CLMP program in 1973, and the efforts of hundreds of citizen volunteers who collected 

the Secchi transparency data that made calibration of satellite imagery for lake clarity 

assessments in Minnesota possible. I also thank Sean Vaughn of the Minnesota 

Department of Natural Resources for development of the catchment delineations used in 

Chapter 3. I greatly appreciate the MERIS data that were provided by the European 

Space Agency; Landsat and MODIS data that were provided by United States Geological 

Survey (USGS) and National Aeronautics and Space Administration (NASA); and 

AWiFS imagery that was provided by the USDA Foreign Agricultural Service through 



 

 iv 

the AmericaView program.  For assistance with field data coordination, collection and 

sample analysis for Chapter 5, special thanks go to Bruce Wilson (MPCA), Steve Kloiber 

(Metropolitan Council), Kent Johnson (Metropolitan Council), and sampling crews from 

the Minnesota Pollution Control Agency, Metropolitan Council, Minnesota Department 

of Natural Resources, and Minnesota Department of Agriculture. They were dispatched 

on short notice to collect water samples. Weather forecasts from KARE 11 meteorologist 

Jonathan Yuhas were invaluable in planning for data acquisitions under clear conditions. 

 Last but not least, none of this would have been possible without the love and 

patience of my wife Kristin and children, Anders, Britta and Bjorn. I would like to 

express my heart-felt gratitude to my family for the constant source of love, support and 

strength all these years. 

 



 

 v 

Dedication 

 

 

I dedicate this dissertation to my parents, M. Donald Olmanson, M.D. and 

Barbara Olmanson, who inspired my love and respect of the great outdoors. They taught 

me about hard work, perseverance, and resourcefulness; all traits that were very useful in 

the completion of this dissertation. 



 

 vi 

Abstract 

 

Beginning soon after the launch of the first Landsat satellite, researchers began 

investigating the use of Landsat imagery to monitor the water quality of our lakes and 

coastlines. The earliest use of Landsat imagery was for simple qualitative observations 

which included locating and mapping pollution and pollution plumes. Shortly thereafter, 

field measurements of water quality were correlated with Landsat data and later these 

correlations were used for quantitative assessment of water quality (e.g., turbidity, 

chlorophyll and water clarity).  

This dissertation expands on this earlier work and describes results of research to 

develop and use remote sensing tools for regional water quality assessment to improve 

the understanding and management of Minnesotaôs lakes and rivers. It includes four 

major components.  First, a 20-year, 1985ï2005, comprehensive water clarity database 

for more than 10,500 lakes at approximately five-year intervals for the time period 1985ï

2005, which includes almost 100,000 individual estimates of lake water clarity, was 

compiled and evaluated. Second, the results of a statistical analysis of the Landsat 

database for geospatial and temporal trends of water clarity over the 20-year period, as 

well as trends related to land cover/use and lake morphometry, are reported. Third, the 

advantages of improved spectral and temporal resolution and disadvantages of the lower 

spatial resolution of the global MODIS and MERIS systems are evaluated for regional-

scale measurements of lake water clarity and chlorophyll of large lakes in Minnesota and 

compared with Landsat. Finally, aerial hyperspectral spectrometers were used to collect 
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imagery with high spatial and spectral resolution for use in identifying, measuring and 

mapping optically related water quality characteristics of major rivers in Minnesota for 

three time periods that represent different water quality and flow regimes. 
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Chapter 1 

 

Remote Sensing for Regional Assessment and Analysis of  

Minnesota Lake and River Water Quality 
 

 

1.1 Introduction  

In many parts of the world lakes are important subsistence, recreational and 

aesthetic resources that add to the economic strength and quality of life. Protecting and 

monitoring lake water quality are chief concerns for many national, regional and local 

organizations. For successful lake management, it is important to have long-term water 

quality information at a broad regional and local level. Regrettably, only a relatively 

small number of lakes are regularly monitored by ground-based methods, and historical 

water quality data are deficient for most lakes. Although it is not possible to go back in 

time and collect water quality information using traditional field methods, Landsat 

images have been acquired and archived on a regular basis since the early 1970s, 

enabling historical water quality assessments of all lakes. Additionally, global systems 

such as MODIS and MERIS have been acquiring and archiving imagery on a regular 

basis since the early 2000s enabling more recent historical water quality assessments of 

large lakes.  

Landsat imagery has been used to characterize certain water quality 

characteristics of lakes for 40 years. Some of the earliest uses of Landsat imagery were 

for simple qualitative observations. These included locating and mapping pollution and 

pollution plumes (e.g., Lind, 1973; Pluhowski, 1973). Shortly thereafter, Landsat imagery 
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was correlated to field based measurements (e.g., Yarger, 1973; McCauley, 1974; 

Brooks, 1975) and finally used for quantitative assessment of water quality (e.g., 

turbidity, chlorophyll and water clarity, frequently expressed in terms of Secchi depth) 

(e.g., Brown et al., 1977a; Lillesand et al., 1983; Ritchie et al., 1990; Lathrop et al., 1991, 

1992; Dekker and Peters, 1993), but until recent times these reports usually described 

investigative efforts involving only one or a few lakes and/or short observation periods. 

One early exception was the work of Martin et al. (1983), who used semi-automated 

procedures to assess the trophic status of around 3,000 lakes in Wisconsin using Landsat 

Multispectral Scanner (MSS) imagery.  Dekker et al. (2002) described procedures using 

analytical optical modeling that could be used for retrospective analysis of Landsat and 

SPOT imagery for regional water quality assessment where there is no concurrent field 

data. Kloiber et al. (2002a) and Olmanson et al. (2001) described an efficient and 

practical procedure using empirical methods based on Landsat imagery for routine, 

regional-scale assessments of lakes for water clarity, and Kloiber et al. (2002b) used this 

approach to assess spatial patterns and temporal trends in approximately 500 lakes in the 

seven-county Twin Cities Metropolitan Area (TCMA) of Minneapolis-St. Paul, 

Minnesota. Olmanson et al. (2002) expanded this work to a statewide level, reporting the 

first census of water clarity for Minnesota lakes.  

This dissertation describes results of research to continue and expand the use of 

remote sensing tools to improve the understanding and management of lakes and rivers in 

Minnesota. It includes four major components. First, the procedures used in Kloiber et al. 

(2002b) and Olmanson et al. (2002) were expanded to complete a 20-year, 1985ï2005, 
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comprehensive water clarity database for more than 10,500 lakes at approximately five-

year intervals for the time period 1985ï2005, which includes almost 100,000 individual 

estimates of lake water clarity and is the largest database on lake clarity produced from 

Landsat imagery to date. Second, the results of a statistical analysis of the Landsat 

database for geospatial and temporal trends of water clarity over the 20-year period, as 

well as trends related to land cover/use and lake morphometry, are reported.  Third, the 

advantages of improved spectral and temporal resolution and disadvantages of the lower 

spatial resolution of the global MODIS and MERIS systems are evaluated for regional-

scale measurements of lake water clarity and chlorophyll of large lakes in Minnesota and 

compared with Landsat. Finally, aerial hyperspectral spectrometers were used to collect 

imagery with high spatial and spectral resolution for use in measuring optically related 

water quality characteristics of major rivers of Minnesota. 

 

1.2 Study Area 

Minnesota is the northernmost continental U.S. State and is known as the "Land 

of 10,000 Lakes." It has approximately 12,000 lakes that are four hectares (ha) or larger 

in area, as well as 6,564 natural rivers and countless streams that stretch approximately 

150,000 km. These water bodies vary greatly at local, regional and statewide scales by 

size, depth, ecology, and water quality. The wide diversity allows for many recreational 

and tourism opportunities but makes their management challenging. Of the lakes that 

have been studied to date, 26 percent have been found to be impaired by anthropogenic 

eutrophication and of the 17 percent of the stateôs river and stream miles assessed for the 
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2010 Impaired Waters List, 40 percent were found to be impaired (P. Anderson, 

Minnesota Pollution Control Agency, personal communications, 2010 & 2011). 

Minnesota has seven ecoregions that differ in terms of their aggregate land use, 

geology, soils, vegetation, climate, wildlife, and hydrologic characteristics (Omernik, 

1987). The Northern Lakes and Forest (NLF) and Northern Minnesota Wetlands (NMW), 

which have land cover dominated by forest, lakes and wetlands, generally have the 

highest water clarity in the state. The Northern Glacial Plains (NGP), Red River Valley 

(RRV) and Western Corn Belt Plains (WCBP) generally have low water clarity and are 

dominated by agricultural land cover.  

 

1.3 Synopsis of the chapters 

 This dissertation is divided into four principal chapters, all of which are intended 

for publication in international research journals. Two have been published (Chapter 2 

and 4), one has been submitted (Chapter 5) for publication and the remaining chapter 

(Chapter 3) is in preparation for submission. Each chapter provides background, 

rationale, goals, methods, results, discussion, and conclusions. 

 Chapter 2 (Olmanson et al., 2008) was published in Remote Sensing of 

Environment and documents a series of Minnesota statewide assessments that include 

more than 10,500 lakes each at approximately five-year intervals for the period 1985ï

2005. More recently, additional assessments were completed for 1975 using Landsat 

multispectral scanner (MSS) imagery and for 2008 using Landsat Thematic Mapper (TM) 

and Enhanced Thematic Mapper plus (ETM+) imagery. These assessments have 
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demonstrated strong relationships (average R
2
 of 0.83 and range 0.71ï0.96) between the 

spectral-radiometric responses of Landsat TM, ETM+ and MSS data and in situ 

observations of water clarity measured in terms of Secchi disk transparency (SD). Data 

for all lakes and years are available at http://water.umn.edu/, and a web-based mapping 

tool called ñLake Browserò enables searches and displays of results for individual lakes. 

This database is used routinely by scientists, teachers, agencies, and the public for 

research, education, water management and recreational purposes. 

Chapter 3 describes a geospatial and temporal analysis of the twenty-year Landsat 

water clarity database 1985ï2005, using GIS in relation to land use/land cover and lake 

morphometric characteristics. Lake clarity in Minnesota has a strong geographic pattern; 

lakes in the south and southwest generally have low clarity, and lakes in the north and 

northeast tend to have high clarity. Lake depth is a strong factor in water clarity with 

deep lakes having higher water clarity than shallow lakes. Land use/cover also is a 

significant factor, with decreasing water clarity associated with increased agricultural and 

urban areas. Increasing water clarity was associated with increased forest areas. The 

mean water clarity statewide remained stable from 1985 to 2005, but decreasing water 

clarity trends were detected in ecoregions dominated by agricultural land use. These 

patterns are evident at the catchment, watershed, county, ecoregion and statewide levels. 

Results of this analysis should be useful to lake managers and policy makers in making 

informed decisions about land development and improve the management of lake 

resources. 

http://water.umn.edu/
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Chapter 4 (Olmanson et al., 2011) was published in Water Resources Research 

and investigates two alternative systems for remote sensing of regional water quality. For 

the assessments completed in Chapter 2 Landsat imagery was used; however, Landsat 5 

imaging was suspended in November 2011(the MSS sensor was reactivated and may 

allow for imaging to continue). Landsat 7, while still operating, is far beyond its expected 

service life and could fail at any time. The next Landsat is not scheduled to be launched 

until early 2013. Two alternative systems, MODIS and MERIS, that could be used for 

regional assessments and provide imagery at low or no cost were examined. These 

systems have lower spatial resolution than Landsat, which limits the number of lakes they 

can assess, but they have improved spectral characteristics and have been used for routine 

global chlorophyll and other measurements of the oceans. To evaluate the usefulness of 

these systems for lakes, we used empirical methods similar to those used for regional 

water clarity assessments with Landsat data in Minnesota. The assessment accuracy for 

chlorophyll and water clarity (Secchi depth) and the size and number of lakes that could 

be assessed were determined for calibrated radiance and atmospherically corrected 

MODIS and MERIS products and were compared to Landsat.  MODIS and MERIS 

systems, which have large swath widths and high temporal coverage are well suited for 

regional assessments of large lakes, but their low spatial resolution limits the number of 

lakes that can be assessed. Landsat imagery allows all lakes > 4 ha (more than 12,000 in 

Minnesota) to be assessed, but its low spectral resolution limits assessments to water 

clarity. The MERIS system, with spectral and spatial resolution suitable for large (>150 

ha) lakes, was the only system with a spectral band set that measured key absorption and 
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scattering characteristics of phytoplankton that could be used reliably for regional 

chlorophyll assessments. The atmospherically corrected MERIS products we tested did 

not perform as well as the calibrated radiance product, and the MODIS atmospherically 

corrected  algorithm using the shortwave infrared (SWIR) bands performed better than 

the methods used for MERIS and as well as the calibrated radiance product. 

Chapter 5 investigates the use of aerial hyperspectral spectrometers to measure 

and map optically related water quality characteristics of major rivers in the Minneapolis-

St. Paul (Twin Cities) metropolitan area, Minnesota. Imagery was collected during three 

acquisitions (August 2004, 2005 and 2007); each period represented different flow and 

water quality regimes. For calibration purposes, water samples were collected 

concurrently with the remote sensing data acquisition, and to obtain a range of conditions 

for calibrations, we focused our measurements around the confluences of river systems 

that have different water quality characteristics. Spectral characteristics that distinguish 

waters dominated by different inherent optical properties (IOPs) were identified and used 

to develop empirical models to map different water quality characteristics in optically 

complex waters.  

Application of the methods to quantify spatial variations in water quality for 

important stretches of the Mississippi River and its tributaries indicate that imaging 

spectrometry can be used to successfully distinguish and map key water quality variables 

under complex IOP conditions, particularly to separate and map inorganic suspended 

sediments independently of chlorophyll levels. Maps showing the complex interactions of 
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sediment and algae in these river segments due to different flow conditions should be 

useful for water resource managers. 
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Chapter 2 

 

A 20-year Landsat Water Clarity Census of Minnesotaôs 10,000 Lakes
1
 

 
 

A 20-year comprehensive water clarity database assembled from Landsat 

imagery, primarily Thematic Mapper and Enhanced Thematic Mapper Plus, for 

Minnesota lakes larger than eight hectares in surface area contains data on more than 

10,500 lakes at five-year intervals over the period 1985-2005. The reliability of the data 

was evaluated by examining the precision of repeated measurements on individual lakes 

within short time periods using data from adjacent overlapping Landsat paths and by 

comparing water clarity computed from Landsat data to field-collected Secchi depth data. 

The agreement between satellite data and field measurements of Secchi depth within 

Landsat paths was strong (average R
2
 of 0.83 and range 0.71-0.96). Relationships 

between late summer Landsat and field-measured Secchi depth for the combined 

statewide data similarly were strong (r
2
 of 0.77-0.80 for individual time periods and r

2
 = 

0.78 for the entire database). Lake clarity has strong geographic patterns in Minnesota; 

lakes in the south and southwest have low clarity, and lakes in the north and northeast 

tend to have the highest clarity. This pattern is evident at both the individual lake and the 

ecoregion level. Mean water clarity in the Northern Lakes and Forest and North Central 

Hardwood Forest ecoregions in central and northern Minnesota remained stable from 

1985 to 2005 while decreasing water clarity trends were detected in the Western Corn 

                                                 
1
 Reprinted in slightly revised form from: Olmanson, L.G., Bauer, M.E. & Brezonik, P.L. (2008). A 20-

year Landsat water clarity census of Minnesotaôs 10,000 lakes. Remote Sensing of Environment, 112(11), 

4086ï4097, with permission from Elsevier. 
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Belt Plains and Northern Glaciated Plains ecoregions in southern Minnesota, where 

agriculture is the predominant land use. Mean water clarity at the statewide level also 

remained stable with an average around 2.25 m from 1985 to 2005. This assessment 

demonstrates that satellite imagery can provide an accurate method for obtaining 

comprehensive spatial and temporal coverage of key water quality characteristics that can 

be used to detect trends at different geographic scales. 

 

2.1 Introduction   

Minnesotaôs numerous lakes are important recreational and aesthetic resources 

that add to the economic vitality and quality of life of the state. Protecting and monitoring 

lake water quality is a major concern for many state and local agencies and citizen 

groups. For effective lake management, it is essential to have long-term water quality 

information on a broad regional and spatial scale. Unfortunately only a small percentage 

of lakes in Minnesota are regularly monitored by conventional methods, and historical 

water quality data are sparse or lacking for most lakes. Although it is not possible to go 

backwards in time and collect historical water quality information using conventional 

field methods, Landsat images have been collected and archived regularly since the early 

1970s, enabling extraction of some historical water quality information on lakes.  

Landsat imagery has been used to estimate certain water quality characteristics of 

lakes (e.g., chlorophyll and water clarity, usually expressed in terms of Secchi depth) for 

over 30 years (e.g., Brown et al., 1977; Lillesand et al., 1983; Ritchie et al., 1990; 

Lathrop et al., 1991, 1992; Dekker and Peters 1993), but until recently such reports 
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largely described exploratory efforts involving only one or a few lakes and/or short 

observation periods. One early exception is Martin et al. (1983) who used semi-

automated procedures to assess the trophic status of around 3000 lakes in Wisconsin 

using Landsat Multispectral Scanner (MSS) imagery.  Kloiber et al. (2002a) and 

Olmanson et al. (2001) described a practical and efficient procedure to use Landsat 

Thematic Mapper (TM) and Enhanced Thematic Mapper Plus (ETM+) imagery for 

routine, regional-scale assessments of lakes for water clarity, and Kloiber et al. (2002b) 

used this approach to measure spatial patterns and temporal trends of ~500 lakes within 

the seven-county metropolitan area of Minneapolis-St. Paul Minnesota. Olmanson et al. 

(2002) expanded this work to a statewide level, reporting the first census of Minnesota 

lakes for water clarity. Chipman et al. (2004) have conducted census-level analyses on 

lakes in Wisconsin using similar procedures for over 8000 lakes. 

Using these methods we now have completed a 20-year, comprehensive water 

clarity database for lakes larger than ~8 hectares (20 acres) in area. The database includes 

results for more than 10,500 lakes based on Landsat imagery at approximately five-year 

intervals for the time period 1985-2005 and includes almost 100,000 individual estimates 

of lake water clarity, which may be the largest database on lake clarity produced to date. 

The objectives of this paper are to describe how the lake water clarity database was 

assembled, assess its accuracy, and summarize initial analyses to evaluate spatial and 

temporal trends of lake water clarity in Minnesota over the past 20 years.  
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2.2 Methods 

The long term goal of our Landsat work has been to develop reliable and 

inexpensive techniques for synoptic measurements of key indicators of lake water quality 

that can be used by management agencies to complement water quality data obtained by 

ground-based sampling programs. One of the prime management issues for inland lakes 

is trophic state, and of the three most common indicators of trophic state ï total 

phosphorus (TP), chlorophyll a (chl a), and Secchi disk transparency (commonly called 

Secchi depth, SD) ï the latter two are amenable to measurement by satellite imagery. SD 

is the most commonly measured trophic state indicator, and is strongly correlated with 

the responses in the blue and red bands of Landsat TM/ETM+ data (Kloiber et. al., 

2002a). Most of our work to date has involved calibrating Landsat TM data with ground-

based SD measurements and estimating SDLandsat for all lakes in an image from the 

regression equation developed in the calibration step. The results then can be mapped as 

distributions of SDLandsat in the lakes, and the estimated SDLandsat can be converted to a 

trophic state index based on transparency: TSI(SDLandsat ) = 60 ï 14.41 ln(SDLandsat ) 

(Carlson 1977). 

It is important to recognize that other factors besides phytoplankton abundance 

(as measured by chlorophyll) may affect SD in lakes. Most important of these non-

trophic-state factors are humic color and non-phytoplankton turbidity, including soil-

derived clays and suspended sediment. For this reason, we report our results based on SD 

calibrations as satellite-estimated SDLandsat or TSI(SDLandsat), which identifies the value as 

an index based on transparency. 
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2.2.1 Satellite Imagery and Lake Reference Data 

We used imagery from the Landsat 4 MSS, Landsat 5 TM, and Landsat 7 ETM+. 

The majority of the images were from Landsat 5 TM, which has been operating over the 

entire period. One Landsat 4 MSS image was used in the 1985 assessment because a clear 

TM image was not available for path 27 in this time period. Several Landsat 7 ETM+ 

images were used for 2000 assessment, and some Landsat 7 ETM+ with the scan line 

corrector off (SLC off) were used for the 2005 assessment. We found that Landsat 7 

ETM+ (SLC off) imagery worked as well for water clarity assessment as earlier (intact) 

ETM+ imagery because only a representative sample of pixels is needed from each lake 

and the missing data generally did not affect the results.  

 To create the database we targeted clear paths of consecutive Landsat images 

from a late summer index period (July 15 - September 15, with a preference for August). 

This period was found to be the best index period for remote sensing of water clarity in 

Minnesota (Stadelmann et al., 2001). There are two advantages to using images from this 

index period: (1) short-term variability in lake water clarity is at a seasonal minimum, 

and (2) most lakes have their minimum water clarity during this period. In addition, it is 

preferable to have images from near anniversary dates for change detection. 

For water clarity assessments it is critical to use imagery without cloud cover or 

haze because clouds, cloud shadows, and haze affect spectral radiometric responses and 

cause erroneous results. Unfortunately, clear paths (five consecutive rows from the same 

orbital path) of imagery for all of Minnesota are rare. Figure 2.1 illustrates some typical 

imagery that was used for these assessments. Although these images are clear through 
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most of the state, path 29 has cloud cover in the middle of the imagery, and path 27 has 

haze in the northern portion. Therefore, we targeted the best available imagery, 

 

Figure 2.1 Two Landsat paths of consecutive images used to assess water clarity. 
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avoiding areas with clouds and haze (discussed further in section 2.2). Lakes in areas 

with cloud cover or haze in one image were assessed using a clear image from a different 

time. For each time period (nominally 1985, 1990, 1995, 2000 and 2005), 2-4 years (e.g., 

2000 used imagery from 1999, 2000 and 2001) were needed to acquire clear imagery for 

the entire state (Table 2.1). Nonetheless, using paths of consecutive Landsat imagery with 

2-5 images collected from the same path at the same time (instead of individual images) 

had several advantages, including decreased processing time (because several images 

could be processed simultaneously). The accuracy of the model also was improved 

because of the larger number of data points available for calibration and greater range of 

water clarity in calibration datasets with greater spatial coverage (Minnesota lakes tend to 

have lower clarity in the south and higher clarity in the north).  

We acquired and processed more than 100 Landsat images from 37 dates (Table 

2.1) and extracted water clarity information for more than 10,500 lakes in each time 

period. Because of the overlap (about 35%) of successive Landsat paths, the database 

includes almost 100,000 water clarity data points, with around 60% of the lakes having 

two or more data points for each time period. The number of times a lake was assessed in 

each of the time periods depended on the overlap area and number of images used in the 

assessment. The replicate data from adjacent paths provided useful information to 

evaluate the reliability of the Landsat results.
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Table 2.1 Landsat image data and calibration model statistics for Minnesota water clarity database. 
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In situ SD data for image calibration is readily available for most of Minnesota 

because of volunteer efforts of the Citizen Lake Monitoring Program (CLMP), combined 

with technical resources (training and management) of the Minnesota Pollution Control 

Agency (MPCA). The CLMP program began in 1973 at the University of Minnesotaôs 

Limnological Research Center. Initially, fewer than 200 lakes were monitored each year, 

but starting in 1985 the number began to increase and reached ~1,100 in 2005. 

Nonetheless, only about 10% of the lakes statewide (12% in the seven-county Twin 

Cities metropolitan area) were monitored for water clarity in 2005. In some parts of the 

state the fraction monitored is much lower. CLMP-monitored lakes tend to be 

recreational lakes that are larger (median size of 75 ha and average size of 333 ha), than 

Landsat-monitored lakes (median size of 18 ha and average size of 99 ha). It also should 

be noted that CLMP lakes are selected by interest of volunteers and not randomly. 

Therefore, the data cannot be reliably extrapolated to the larger population of Minnesota 

lakes, and such use may result in biased and misleading conclusions (Peterson et al., 

1999). 

To calibrate the imagery we used water clarity data (in situ SD) usually collected 

within + 3 days of the image acquisition date, but the window was increased to up to +10 

days in cases where data were sparse. Kloiber et al., 2002a found that ground 

observations within one day of the satellite yielded the best calibrations, but the larger 

number of ground observations with the longer time window offsets some of the loss of 

correlation. Chipman et al., 2004 had similar findings and determined that model 

parameter values did not change significantly with a wider time window. We found that 
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for images where in situ data were sparse the larger number of ground observations with 

longer time window improved the calibration of the imagery. For example, for 

comparisons of models using in situ data acquired within ±1 and ± 7 days of an August 

25, 1996 TM image, the number of ground observations increased from 12 to 26 with the 

longer time window and R
2
 values increased from 0.85 to 0.88, and the standard error of 

estimate (SEE) decreased from 0.444 to 0.375. We conclude that measurements taken 

within a few days (±3 to 10 days) of image acquisition provide strong relationships. This 

is because water clarity (Secchi depth) usually does not exhibit large and rapid 

fluctuations in a given lake during the relatively stable late summer index period 

(although there are strong seasonal patterns in clarity) (Stadelmann et al., 2001). For a 

few images where data were too sparse (less than 15 data points) or not well distributed 

throughout the range of typical water clarity conditions, supplemental data were acquired 

from water clarity measurements extracted from the overlap area of adjacent Landsat 

images (see Olmanson et al., 2002 for more information on this method). The number of 

SD measurements available for calibration ranged from 13-16 in the Arrowhead and 

Driftless areas in the northeast and southeast, respectively, to 278 through the middle of 

the state in Landsat path 28. The average number of measurements used for image 

calibration was 97. The calibration data generally had a wide range of SD values (Table 

2.1). 

Field-collected SD data from the CLMP program also were used to validate the 

accuracy of Landsat water clarity database (discussed in section 2.3). The average water 

clarity for each field data collection point and each lake polygon (that had field data) 
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were calculated from late summer (July 15 through September 15) CLMP SD data for 

each of the time periods.  

2.2.2 Image Preprocessing and Classification  

The image classification procedures used for this paper are documented by 

Olmanson et al. (2001), and the rationale for the procedures was described by Kloiber et 

al. (2002a). Some modifications were made as appropriate when experience and advances 

in software and computer hardware enabled simpler or improved image processing 

procedures. We used Leica Geosystems ERDAS Imagine and Esri ArcGIS for image 

processing. Acquiring a representative sample from the image for each lake was a 

primary objective, and image samples generally were near the center of a lake, where 

reflectance from aquatic vegetation, the shoreline, or the lake bottom did not affect the 

spectral radiometric response.  

 Initial preprocessing included image rectification using road intersections from a 

Minnesota Department of Transportation highway GIS data layer as ground control 

points (GCPs). We used ~40 well distributed GCPs, with a positional accuracy (RMSE) 

on the order of ±0.25 pixels, or 7.5 m. The next step, if necessary, was to combine 

consecutive images from the same orbital path and date into one uniform image. We 

clipped areas covered with clouds from this image and checked for haze by visually 

inspecting the image using the (RGB) band combination 1,6,6 (TM 1 (Blue), TM 6 

(Thermal), TM 6 (Thermal)). Figure 2.2 illustrates a Landsat TM image using the (RGB) 

band combination 4,2,1 typically used to highlight green vegetation and (RGB) band 

combination 1,6,6 used to highlight haze as a red color. Areas with high levels of haze 
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were clipped. Because each image (path) was calibrated individually with field data, we 

did not perform atmospheric correction or normalization of the image brightness data.    

 

Figure 2.2  Examples of Landsat TM band combinations 4,2,1 (RGB) typically used to 

highlight green vegetation and 1,6,6 which can be used highlight haze and cloud cover 

(Path 28/Row 28, August 8, 2000). 

 

Once image preprocessing was complete, a ñwater-onlyò image was produced by 

performing an unsupervised classification method based on ISODATA clustering. 

Because water features have different spectral characteristics from terrestrial features, 

water pixels were grouped into one or more distinct classes that could be easily 

identified. We then masked out terrestrial features to create a water-only image, 

performed an unsupervised classification on this image, and generated spectral signatures 

of each class. We used these signatures, along with the location where the pixels occur, to 

differentiate classes containing open water and shallow water (where sediment and/or 

macrophytes affect spectral response). These areas tend to have high spatial variability 
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compared to open-water portions of the lake. Based on this analysis, we removed the 

affected pixels. Next, the spectral radiometric data from the ñopen-waterò image were 

obtained to develop relationships with measured SD. For these assessments, we used a 

lake polygon layer (Olmanson et al., 2001) to help automate the process. The polygon 

layer used for this purpose has 12,049 polygons delineating lakes or lake basins. Lakes 

with multiple basins were split into separate polygons. The polygon layer was 

constructed to include all Minnesota lakes and open water wetlands eight ha and larger. 

We used the signature editor in ERDAS Imagine to extract spectral data from the image 

for all lakes in the image.  

Using log-transformed SD data as the dependent variable and TM band 1 and the 

TM1:TM3 ratio as independent variables, we performed least-squares multiple regression 

using the general form: 

 ln(SD) = a(TM1/TM3) + b(TM1) + c 

where a, b and c are coefficients fit to the calibration data by the regression analysis, 

ln(SD) is the natural logarithm of Secchi depth for a given lake, and TM1 and TM3 are 

the Landsat brightness values for the selected lake pixels in the blue and red bands, 

respectively. Kloiber et al., 2002a found that this band combination was a dependable 

predictor of SD. 

The model developed for each path of Landsat images was applied to brightness 

values (digital numbers) for the sample of pixels from each lake to calculate water clarity 

(SDLandsat). The number of lakes assessed per image (path of consecutive images from 

same date) ranged from 244 to 4,965 with an average of 2,675 lakes. To create maps the 
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computed SDLandsat data were linked to the lake polygon layer. The lake-level polygon 

method has an advantage over pixel-level maps because by generating a single clarity 

value for each lake the data can be easily included in a water clarity database and used in 

other analyses. The final image processing step was to edit the maps to remove lakes with 

faulty results due to such conditions as haze, small clouds, or cloud shadows that were 

not clipped. This was accomplished using the RGB 1,6,6 band combination to highlight 

areas with haze which was used to target problem areas.    

2.2.3 Water Clarity Database Development 

 To create the water clarity database the final classifications for each path of 

Landsat imagery were combined and minimum, maximum and mean water clarity values 

were calculated for each lake in each time period. The number of lakes assessed for each 

time period ranged from 10,516 in ~2000 to ~11,241 in ~2005. Because the image 

processing procedure targeted clear imagery and open water areas, some lakes were not 

assessed in a given time period. The main reason for some lakes not being assessed was 

pervasive presence of aquatic vegetation in wetlands and shallow lakes resulting in 

insufficient unaffected pixels for accurate water clarity assessment. Other reasons 

included severe phytoplankton blooms (floating mats of phytoplankton were masked off 

since their spectral characteristics are more similar to green vegetation than water), and 

clouds or haze.  
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2.3 Results and Discussion 

2.3.1 Evaluation of Landsat Estimates of Lake Clarity 

Production of the five semi-decadal lake clarity assessments required 109 Landsat 

images from 37 dates. Models developed for each path of imagery from the same date 

showed strong relationships between ground-based water clarity data (SD from the 

CLMP) and spectral-radiometric responses of the Landsat data. The SD range, R
2
, SEE 

and the number of lakes for each model are listed in Table 2.1. R
2
 values for the 

regression relationships to establish the coefficients of the model equations ranged from 

0.71 to 0.96 (average of 0.83) and SEE ranged from 0.141 to 0.406 (average 0.292). 

Given that ground-based measurements of SD are themselves subject to some 

imprecision, we consider these relationships to be very good. Similar strong relationships 

also were found by Kloiber et al. (2002b) and Chipman et al. (2004).  In contrast, Nelson 

et al. (2003) reported low r
2
 values (0.43) that they attributed to the distribution of SD 

values in their calibration dataset. Our study and Chipman et al. (2004) obtained strong 

relationships for images over a wide range of SD values some of which would be similar 

to those used in Nelson et al. (2003). Cloud cover was present in much of the imagery 

used by Nelson et al. (2003) and this likely affected the spectral-radiometric responses.     

To evaluate the comparability of the different sensors and images from the 

different dates used to create the water clarity database we examined lake water clarity 

data from the overlap areas of adjacent Landsat images. First, we examined how well 

water clarity results from a September 1, 2005 Landsat 5 TM image compare with results 

from a September 2, 2005 Landsat 7 (SLC-off) image. Because the images were within 
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one day of each other we assumed that water clarity conditions would be very similar for 

both images and the water clarity assessments would be highly correlated; this was the 

case. Figure 2.3 shows the overlap area of the images and a scatter plot with regression 

line of the Landsat-inferred TSI(SDLandsat) values for the overlap area of each image. The 

two images were calibrated separately, but because of the geographic overlap and closely 

spaced image acquisition dates, some calibration data from the overlap area were used to 

calibrate both images. The calibration fits were similar for the two images (R
2
 = 0.85 for 

September 1 and R
2
 = 0.83 for September 2), but the model coefficients (especially óaô) 

were rather different. Nonetheless, agreement between the two sets of Landsat-inferred 

TSI(SDLandsat) values is very strong (r
2
 = 0.94), and the results parallel the 1:1 line, 

indicating that water clarity results from the two sensors and dates are highly comparable.    

 

Figure 2.3   Water clarity assessment comparison for Landsat TM vs. ETM+ SLC-off 

data for 925 lakes in the overlap area of paths 27 and 28. 
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Figure 2.4  Water clarity assessment comparison in the overlap areas of paths 27-29 for 

1995 Landsat images. 

 

To evaluate the variability in SDLandsat results over the range of the late summer 

index period, we examined the overlap areas of three late summer 1995 Landsat TM 

images (path 27, July 29, Path 27, August 14 and path 29, September 13) with an August 

21 path 28 Landsat TM image (Fig. 2.4). Although the relationships are not as strong as 

those for images acquired within one day, they are still strong with r
2 
values of 0.87, 0.89 

and 0.80. The range of image dates (July 29-September 13) covers most of the late 

summer index period (July 15-September 15). The August 14 image is closest in time to 

the August 21 image, and regression line for the two sets of results is close to parallel 

with the 1:1 line indicating similar water clarity conditions. The regression line for the 
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July 29 image is slightly skewed toward higher water clarity in the eutrophic lakes, which 

may reflect seasonal differences in the early portion of the late summer window. The 

regression line for the September 13 image is also close to parallel with the 1:1 line 

indicating a similar distribution of water clarity conditions.  

The results in Fig. 2.4 suggest that restricting satellite-based lake clarity 

assessments to the late summer index window limits, but does not eliminate minor 

seasonal differences. A further narrowing of the window (e.g., to August images only), 

might further decrease uncertainties caused by seasonal variations, but considering the 

frequency of cloud cover in Minnesota (Kloiber et al., 2002a) and that the current eight-

day overpass cycle of Landsats 5 and 7 is not sustainable (both Landsat 5 and 7 have 

exceeded their expected life), this option does not appear to be practical. Considering the 

availability of other measures for most lakes are sparse and subject to some errors, we 

regard the accuracy of Landsat water clarity assessment using a two-month late summer 

index period to be acceptable, especially since this method allows all lakes to be assessed 

in a uniform way.  

The overall objective of this study was to create a comprehensive statewide water 

clarity database that represents water clarity conditions in five semi-decadal time periods. 

Therefore, it is important to assess how well the Landsat water clarity database, which 

consists of the average Landsat water clarity value calculated for each lake polygon (see 

section 2.2.3), relates to field-measured water clarity data, which is the average late-

summer CLMP SD data (see section 2.2.1), for each time period. Regression analyses 

were conducted with Landsat-derived TSI(SDLandsat) as the dependent variable and 
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average field-measured late-summer TSI(SD) as the independent variable for each time 

period and for a combined data set containing 6,216 field observations. The r
2 
values for 

the five time periods range from 0.77 to 0.80 (Fig. 2.5), and r
2
 = 0.78 for the combined 

dataset (Fig. 2.6), indicating a consistently strong relationship between Landsat-derived 

and field-measured late-summer SD. However, because small percentages (4.1-8.1%) of 

the CLMP SD data used to calculate the average late-summer CLMP SD also were used 

for image calibrations and could bias validation of the relationship, an independent subset 

was created. The independent subset was the average late-summer CLMP SD data for 

lakes not used to calibrate any of the images in each time period. Values of r
2
 from 

regression analyses for the independent subset were slightly lower than the full dataset 

for each time period and range from 0.74 to 0.79 with an average of 0.76, which still 

represents a consistently strong relationship between Landsat-derived and field-measured 

late-summer SD. This is especially true considering that some of the reduction in r
2 
may 

be due to data year disparity, since each time period consists of multiple years of data 

(see section 2.2.1) and removal of the calibration lakes left data from years without 

imagery to validate the water clarity of a lake. The regression lines closely match the 1:1 

line for each time period and for the combined dataset indicating the Landsat-derived and 

field-measured SD results are comparable. Thus, Landsat images from the late-summer 

index period provide a reliable estimate of SD for the date of the imagery and the 

combined database provides a reasonable estimate of late summer water clarity for each 

time period.  
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Figure 2.5 Scatter plots of Landsat TSI(sd) vs. In situ late summer lake polygon mean 

TSI(sd) for each time period. 
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Figure 2.6  Scatter plot of Landsat TSI(sd) vs. In situ late summer mean TSI(sd) for 6216 

lake points. 

 

However, there is some lack of agreement for lakes with low water clarity (SD < 

0.25 m or TSI > 80), for which Landsat SDLandsat values generally were larger than field-

measured values. This may reflect issues related to spatial variability of water clarity. 

Surface blooms of phytoplankton in eutrophic lakes are subject to concentration or 

dispersal by wind, which may result in variable concentrations of phytoplankton and SD 

across a lake (Dekker et al., 2002). The procedure used to extract brightness data from 

Landsat images targeted the deepest and most central part of the lakes, which also may 
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have the highest water clarity and may account for the differences from the field 

measurements for low clarity lakes. 

2.3.2 Spatial and Temporal Analyses 

Having evaluated the accuracy of the water clarity database and determined that 

we have a reasonable estimate of water clarity for the entire population of lakes in 

Minnesota for five semi-decadal time periods from 1985 to 2005, we can investigate 

spatial patterns and temporal trends of water clarity in Minnesota. To do that we analyzed 

spatial and temporal distributions of water clarity at the statewide, ecoregion and 

individual lake scales.  

 

Figure 2.7  Minnesota 2005 lake clarity with county and ecoregion boundaries. 
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Water clarity in Minnesota tends to be low in the south and southwest and higher 

in the north and northeast (Fig. 2.7). At the statewide level water clarity has remained 

stable between 1985 and 2005 (Fig. 2.8) with mean water clarity of 2.25 m. One 

interesting discovery from the data is that many of the clearest lakes are abandoned iron 

ore mine pits that have filled with water. The increase in lakes with water clarity around 

15 m in the 2005 time period (Fig. 2.8) needs further investigation, but could be due to 

changes in some mine operations.   

 

Figure 2.8  Boxplots of 2005 Minnesota lake clarity by ecoregion and statewide for 1985 

- 2005. 
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Figure 2.9 Lake clarity distribution statewide and by ecoregion. 



  

 33 

Ecoregions. Lakes in Minnesota span seven natural ecoregions which differ in 

vegetation, soils, geology, climate, hydrology, and land use. We used the EPA Level III 

Ecoregions of Minnesota for analysis (Minnesota Land Management Information Center, 

2006). That the distribution of water clarity differs among the ecoregions is apparent 

from the boxplots for 2005 in Fig. 2.8. Water clarity distributions at the statewide level 

and for the four ecoregions that include most (96%) of Minnesotaôs lakes are shown in 

Fig. 2.9. The Northern Lakes and Forest Ecoregion (NLF), which has 46% of the stateôs 

lakes, has results concentrated in the higher water clarity classes and an average SDLandsat 

of 3.09 m. The North Central Hardwood Forests Ecoregion (NCHF), which has 38% of 

the stateôs lakes, has a wide range of water clarity and an average SDLandsat of 1.58 m. 

Lakes in the Western Corn Belt Plaines Ecoregion (WCBP), which has 7% of the stateôs 

lakes, generally have lower water clarity (average SDLandsat of 0.95 m). The Northern 

Glaciated Plains Ecoregion, with 6% of the lakes, also has low water clarity (average of 

1.27 m).  

Over the 1985-2005 period, average water clarity remained relatively stable in 

lakes of the NLF and NCHF ecoregions but declined slightly in the WCBP, where the 

highest average clarity (1.07 m) occurred in 1990 and the lowest (0.85 m) occurred in 

2005. There also appears to be a trend of declining water clarity in the NGP ecoregion 

where the highest average water clarity (1.50 m) occurred in 1985 and the lowest (1.12 

m) in 2005.  
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Figure 2.10  Minnesota lake clarity 2005 quartile distribution within each ecoregion. 

 

Individual Lakes . Water clarity is a good indicator of user perception of water 

quality in lakes (Heiskary et al., 1988) and usually reflects the amount of phytoplankton 



  

 35 

or sediment present. Although lakes in Minnesota generally are more eutrophic (and less 

clear) in the south and less eutrophic (and clearer) in the north, at the regional and sub-

regional levels conditions are quite variable. Fig. 2.10 shows the quartile distribution of 

water clarity within each ecoregion. While there is some clustering of lakes within higher 

and lower water clarity quartiles, lakes from the opposite quartiles are distributed 

throughout the ecoregions and state. The range of water clarity conditions throughout the 

state and even within ecoregions thus in most cases is large. The wide range of water 

clarity likely reflects both natural characteristics (e.g., depth, area and watershed) and 

effects of anthropogenic characteristics (i.e., land use and management practices).  

Comparison with other states. The above results contrast to the findings by 

Peckham and Lillesand (2006) who analyzed Landsat-estimated water clarity for 2,467 

Wisconsin lakes and found increasing water clarity in Wisconsin lakes at the statewide 

level and in some ecoregions. At the statewide level they reported a significant increase 

in mean water clarity of 0.75 m from 1980 to 2000. The NLF ecoregion in Wisconsin had 

a mean water clarity increase of 0.81m, and the NCHF ecoregion had an increase of 0.80 

m.  

Our results indicate that water clarity has been stable statewide in Minnesota and 

also within the NLF and NCHF ecoregions. It is not certain why there should be 

differences between the Minnesota and Wisconsin assessments, but different assessment 

designs could be a contributing factor. The methods we used are similar to the methods 

Peckham and Lillesand (2006) used for their 1990 and 2000 water clarity assessments, 

but their 1980 assessment was conducted using different methods and Landsat MSS 
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imagery. It is uncertain whether the MSS assessment is entirely consistent with later TM-

based assessments. Other differences between the two studies include the time frames of 

analysis ï ten-year intervals (1980 to 2000) in Wisconsin versus five-year intervals (1985 

to 2005) in Minnesota, and the lakes assessed for temporal trends in Wisconsin were 

limited to those assessed in the MSS study (around 30% of the lakes in the later 

assessments).  

 

2.4 Conclusions 

For effective environmental management, it is essential to have accurate long-

term water quality information on a broad regional and spatial scale. Development and 

evaluation of a Minnesota statewide 20-year water clarity census of over 10,500 lakes has 

demonstrated that satellite imagery can provide an accurate method to obtain 

comprehensive spatial and temporal coverage of a key water quality characteristic. 

Although traditional monitoring programs are important, they largely rely on volunteers 

or agencies that target lakes of interest (i.e., are not randomly selected). Using data from 

such programs to extrapolate to larger regional assessments likely will lead to biased 

conclusions. However, by using the data from these programs to calibrate Landsat 

imagery, the entire population can be reliably assessed.  

The Landsat water clarity database is being used in several research efforts where 

available field data were sparse. For example, Lindon et al. (2005) used it to target lakes 

in Cass and Crow Wing Counties that were large (>200 hectares), lacked water quality 

data and were more eutrophic than typical for the area for additional monitoring. It was 
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used in west central Minnesota for nutrient criteria research to target shallow lakes that 

represented a range of trophic status but lacked data (Heiskary, 2005). The database was 

also used by Baker et al. (2004) to correlate water clarity to common loon populations. 

The comprehensive water clarity database can also be used in conjunction with 

morphometric, land-use and demographic data to analyze spatial patterns and temporal 

trends in lake clarity throughout the state and develop better understanding of the factors 

that affect these patterns and trends. Results of such analyses will aid local and state 

agencies in making informed decisions about development policy and improve the 

management of lake resources.  

This study also demonstrates the significance of the Landsat program of 

continuous collection and archiving of moderate resolution imagery as a historical record 

of an important water quality variable. The current state of the Landsat program is 

unfortunate with Landsat 5 imaging operations currently suspended, Landsat 7 operating 

(SLC off) past its expected life time and no replacement is expected for another year, 

which could result in a data gap. However, with recent technological advances, there also 

is great potential for an enhanced Landsat system that could improve monitoring of water 

resources. A new system with higher frequency of image acquisition, improved spectral 

bands, and improved atmospheric correction and radiometric calibration capabilities 

could enable the development of a universal equation that could minimize the need for 

calibration with field data. Even if these advances do not happen, there already is a 

massive 40-year archive of Landsat imagery available for regional assessments of water 

clarity. 
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Although assessment of water clarity is important, it is also important to make the 

results easily available to lake managers, government agencies and the public. The 

availability of such information is essential for a well-informed public and a prerequisite 

for effective environmental management. To make the data available we have created 

ñLakeBrowser,ò a MapServer application, at http://water.umn.edu/, where data for 

individual lakes, counties, and ecoregions can be accessed. 
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Chapter 3 

 

Geospatial and Temporal Analysis of a 20-year Landsat Water Clarity 

Census of Minnesotaôs 10,000 Lakes 
 

 

 

 

 

A large 20-year database on water clarity for all Minnesota lakes Ó 8 ha (20 ac) 

was analyzed statistically for geospatial distributions and temporal trends. The database 

includes statewide water clarity estimates (expressed in terms of Secchi depth) for more 

than 10,500 lakes using Landsat imagery for time periods centered around 1985, 1990, 

1995, 2000 and 2005. Water in Minnesota lakes is less clear (more turbid) in the south 

and southwest and clearer in the north and northeast. This pattern is evident at the levels 

of individual lakes and ecoregions. Temporal trends in water clarity were detected in 

~11percent of Minnesotaôs lakes: 4.6% had improving clarity and 6.2% had decreasing 

clarity. Ecoregions in southern and western Minnesota, where agriculture is the 

predominant land use, had a higher percentage of lakes with decreasing clarity than the 

rest of the state, and small and shallow lakes had a higher percentage of decreasing clarity 

trends than large and deep lakes.  The mean water clarity statewide remained stable from 

1985 to 2005; however, decreasing water clarity trends were detected in ecoregions 

dominated by agricultural land use.  Deep lakes had higher clarity than shallow lakes for 

all lakes and also for lakes grouped by land cover. Lakes with lower watershed to lake 

area ratios had higher water clarity than lakes with higher ratios. Water clarity decreased 

as the percentage of agriculture and/or urban area increased at the ecoregion, county, 
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minor watershed and catchment levels. This pattern also held when lakes were grouped 

by depth classes.  

 

3.1  Introduction    

The state of Minnesota, U.S.A. the ñLand of 10,000 Lakes,ò has approximately 

12,000 lakes that are four hectares (ha) or larger in area. They vary greatly at local, 

regional and statewide scales by size, depth, ecology, and water quality. The wide 

diversity of lakes allows for many recreational and tourism opportunities but makes their 

management challenging.  

In addition to natural variations in landscapes that affect watershed hydrology, 

urban and agricultural land cover in a watershed affects the spatial and temporal patterns 

of runoff and significantly affects lake water quality. Numerous studies have identified 

patterns and evaluated the effects of land use characteristics on water quality. These 

studies typically have been conducted on lake or stream watersheds and measured or 

modeled the effects of land uses (e.g., Tong and Chen, 2002) or land use change (e.g., 

Choi et al., 2003; Mattikalli and Richards, 1996; Wilson and Weng, 2009) on water 

quality. Other studies conducted at local to regional scales have compared lake conditions 

and land use in different watersheds and linked land use with water quality differences 

(e.g., Gove et al., 2001). Heiskary and Wilson (1989) used the ecoregion framework of 

Omernik et al. (1987), which recognizes distinct regional patterns of geology, vegetation, 

hydrology and land use, to characterize water quality differences in four of Minnesotaôs 

ecoregions. These findings were used to help define reasonable water quality goals for 
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each ecoregion, and they led to the development of lake water quality standards in 

Minnesota. The water quality data used to define these standards were selected largely on 

the basis of interest of volunteers or local or state agencies and thus targeted recreational 

lakes that tend to be larger than average; i.e., the lakes were not randomly selected 

(Chapter 2 (Olmanson et al., 2008)). Therefore, biases may occur when these data are 

extrapolated to the larger population of Minnesota lakes (Peterson et al., 1999; Soranno et 

al., 2011; Wagner et al., 2008).  

Landsat imagery has proven to be a cost-effective source to assemble 

comprehensive information for regional lake assessments (e.g., Kloiber et al., 2002), and 

we used it to develop a water clarity database for all lakes in the state Ó 8 ha (20 ac) in 

area over a 20-year timeframe. The database, which was documented by Chapter 2 

(Olmanson et al., 2008), includes water clarity measurements on more than 10,500 lakes 

for time periods centered around 1985, 1990, 1995, 2000 and 2005.  

This paper describes the results of statistical analyses of the database for 

geospatial and temporal trends of water clarity over the 20-year period, as well as trends 

related to land cover/use and lake morphometry. To conduct the analyses we grouped the 

lakes by general physical and chemical characteristics, such as area, depth and alkalinity, 

and linked their water clarity values to land cover variables at the ecoregion, county, 

minor watershed and catchment levels.   
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3.2 Methods 

3.2.1 Landsat Water Clarity Data 

The water clarity database was developed using over 100 Landsat images from 

the Landsat 4 Multispectral Scanner (MSS), Landsat 5 Thematic Mapper (TM), and 

Landsat 7 Enhanced Thematic Mapper plus (ETM+). The database includes statewide 

assessments of over 10,500 lakes for five time periods centered around 1985, 1990, 1995, 

2000 and 2005; its development and accuracy were described by Chapter 2 (Olmanson et 

al., 2008), and the data can be accessed at water.umn.edu. Because clear images for the 

late summer index period were not available over the entire state in most years, the 

nominal time periods generally include results from multiple years (e.g., 1994, 1995 and 

1996 for the ñ1995ò time period). The database is in a geographic information system 

(GIS) format that can be used to create maps (Figure 3.1) and conduct statistical analysis 

and summaries at different geographic delineations (Table 3.1). 

3.2.2 Land Cover Data 

Land cover data used for this project are from an online map (http://land.umn.edu) 

for the state of Minnesota for the year 2000 derived by multitemporal, multispectral 

supervised image classification of satellite imagery acquired by the Landsat TM and 

Landsat ETM+ satellites.  The map has seven land cover classes: urban, agriculture, 

grassland, forest, water, wetland and shrubland, and is a product of NASA-sponsored 

"eforest" research project of the University of Minnesota Remote Sensing and Geospatial 

Analysis Laboratory. The land cover classification scheme was modeled after the Upper 

http://www.water.umn.edu/
http://land.umn.edu/
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Midwest Gap Analysis Program Image Processing Protocol (Lillesand et al., 1998).  This 

scheme identifies the land cover types of the Upper Midwest, is compatible with existing 

national systems, and provides a realistic classification hierarchy for the Landsat TM and 

ETM+ sensors.  Furthermore, these classes are consistent with earlier classifications, thus 

allowing year-to-year comparisons. In addition, impervious surface area of the 

urban/developed class was mapped as a continuous variable from 0 to 100 percent.  The 

overall accuracy of the statewide land cover map was 88 percent and the agreement r
2
 

between estimated and measured percent impervious surface area was 0.86 with standard 

error 11.7.  For further information and access to the data see http://land.umn.edu/. 

 

Figure 3.1  2005 Minnesota lake water clarity map with county and ecoregion 

boundaries. 

http://land.umn.edu/
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Table 3.1  Minnesota Landsat water clarity database summary for the state and by 

ecoregion. 

 

Minnesota  1985 1990 1995 2000 2005 

Minimum 0.08 0.07 0.08 0.12 0.09 

Q1 1.24 1.15 1.28 1.15 1.09 

Median 2.13 2.00 2.07 2.15 2.00 

Mean 2.26 2.21 2.27 2.25 2.25 

Q3 3.13 3.04 3.13 3.23 3.10 

Maximum 12.88 14.44 11.18 13.10 17.56 

Number (n) 11,136 10,732 10,988 10,516 11,241 

STDV 1.26 1.36 1.27 1.29 1.51 

NLF 1985 1990 1995 2000 2005 

Minimum 0.08 0.14 0.15 0.15 0.09 

Q1 2.39 2.15 2.17 2.49 2.13 

Median 3.11 2.94 3.00 3.14 2.95 

Mean 3.13 3.05 3.03 3.12 3.10 

Q3 3.77 3.75 3.77 3.74 3.82 

Maximum 12.88 14.49 11.16 13.10 17.56 

Number (n) 5,243 5,149 5,123 4,980 5,151 

STDV 1.10 1.29 1.20 1.09 1.52 

NCHF 1985 1990 1995 2000 2005 

Minimum 0.14 0.09 0.14 0.12 0.11 

Q1 0.90 0.79 0.99 0.78 0.86 

Median 1.46 1.41 1.55 1.42 1.47 

Mean 1.54 1.51 1.68 1.54 1.64 

Q3 2.03 2.00 2.14 2.08 2.19 

Maximum 6.90 8.90 9.62 6.51 9.39 

Number (n) 4,147 3,920 4,075 3,790 4,226 

STDV 0.80 0.91 0.91 0.90 1.01 

WCBP 1985 1990 1995 2000 2005 

Minimum 0.14 0.07 0.15 0.15 0.15 

Q1 0.48 0.62 0.64 0.54 0.50 

Median 0.66 0.82 0.81 0.76 0.69 

Mean 0.81 1.07 1.04 0.96 0.85 

Q3 1.01 1.43 1.37 1.23 1.04 

Maximum 4.02 4.29 3.92 3.04 3.42 

Number (n) 658 673 695 685 746 

STDV 0.50 0.61 0.56 0.58 0.53 

NGP 1985 1990 1995 2000 2005 

Minimum 0.34 0.29 0.51 0.38 0.33 

Q1 0.98 0.62 0.92 0.71 0.68 

Median 1.34 0.98 1.29 0.95 0.93 

Mean 1.50 1.13 1.45 1.15 1.12 

Q3 1.92 1.52 1.84 1.52 1.41 

Maximum 4.32 4.01 3.49 3.25 3.35 

Number (n) 639 565 650 631 656 

STDV 0.63 0.60 0.64 0.54 0.59 

RRV 1985 1990 1995 2000 2005 

Minimum 0.65 0.32 0.52 0.35 0.45 

Q1 1.29 0.71 1.15 0.71 1.03 

Median 1.77 1.15 1.63 1.32 1.43 

Mean 1.88 1.29 1.88 1.37 1.91 

Q3 2.24 1.74 2.28 1.63 2.20 

Maximum 9.85 4.93 11.18 4.93 17.40 

Number (n) 212 198 207 196 211 

STDV 0.92 0.68 1.17 0.83 1.85 

NMW 1985 1990 1995 2000 2005 

Minimum 0.58 0.60 0.66 0.76 0.67 

Q1 1.99 1.82 2.18 2.56 2.18 

Median 2.63 2.81 3.10 3.16 3.02 

Mean 2.63 2.61 2.90 3.05 3.09 

Q3 3.25 3.34 3.60 3.62 3.75 

Maximum 5.79 6.09 7.12 5.67 8.31 

Number (n) 180 182 187 179 196 

STDV 0.88 1.05 1.01 0.88 1.22 

DLA 1985 1990 1995 2000 2005 

Minimum 0.19 0.14 0.08 0.20 0.11 

Q1 0.54 0.50 0.30 0.44 0.25 

Median 0.71 0.75 0.39 0.71 0.43 

Mean 0.85 1.02 0.53 1.03 0.60 

Q3 0.97 1.24 0.57 1.47 0.72 

Maximum 2.74 3.74 2.93 4.51 2.88 

Number (n) 57 45 51 55 55 

STDV 0.63 0.60 0.64 0.54 0.59 
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3.2.3 Lake Classification by Morphometric and Chemical Characteristics 

Although each lake is unique in the totality of its biological, chemical, and 

morphometric characteristics, a variety of general patterns show these characteristics 

influence lake responses to watershed impacts. To differentiate in-lake characteristics 

from watershed influences we grouped the lakes by general physical and chemical 

characteristics using a tripartite classification system (area, depth and alkalinity; Table 

3.2) described by Osgood et al. (2002). Surface area could be calculated using lake 

polygons from the analysis of satellite images, but measured data were needed for lake 

depth and alkalinity. These characteristics are available for only a subset of Minnesotaôs 

lakes. We extracted these data from a subset of 4,265 ñsurvey lakesò sampled by the 

Minnesota Department of Natural Resources (MDNR). The MDNR has measured 

maximum depth for 4,167 lakes and calculated mean depth for 1,139 lakes. We estimated 

mean depth (when not available) from maximum depth data using a regression 

relationship between the two variables reported by Osgood et al. (2002).   

 

Table 3.2  Lake classification criteria. 

 

Number  Size (Hectare)  Mean Depth (m)  Alkalinity (mg/l CaCO3)  

1 Small <40 Shallow <2 Low <50 
2 Medium 40 - 200  Medium (2-5) Medium 50 - 100 
3 Large >200 Deep >5 High >100 

e.g., Lake Class 111 would be a small shallow lake with low alkalinity. 
 

Alkalinity data were available for 1,390 lakes. We developed a map of lake 

alkalinity across the state using the kriging algorithm in ArcMap and all available 

alkalinity data. Alkalinity in Minnesota has a distinct pattern with low alkalinity in 
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northeast Minnesota and high values in the southwest (Figure 3.2). Alkalinity values for 

lakes without measured values were extracted from the alkalinity map.  

 

Figure 3.2  Minnesota lake alkalinity surface interpolated using kriging from U.S. EPA 

Storet alkalinity data. 
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The above operations yielded 4,167 survey lakes with surface area, mean depth, 

and alkalinity data. For statistical analyses the survey lakes were screened to eliminate 

complex, multi-basin lakes, for which the depth data may not adequately represent each 

basin, which left 3,357 single basin lakes that were used for further analysis. The lakes 

were grouped into 27 classes with the ranges presented in Table 3.2.  

 

3.2.4 Geographic Delineations   

We used the EPA Level-III ecoregions of the conterminous United States 

(LMIC/MPCA version) (Omernik, 1987) as one basis for our geospatial and temporal 

analyses. In Minnesota there are seven ecoregions (Figure 3.1), each of which is different 

in terms of its aggregate land use, geology, soils, vegetation, climate, wildlife, and 

hydrologic characteristics. We also used county, minor watershed, catchment delineations 

and individual lakes at the state-wide level and within ecoregions, to investigate 

geospatial and temporal trends. The smallest delineated drainage areas mapped by the 

MNDNR, called ñcatchments,ò have been delineated topographically within major and 

minor watershed boundaries. The hydrologic watersheds for some lakes contain many 

catchments (and may include additional lakes). Therefore, we selected only the 1,018 

hydrologic lake watersheds that are headwater catchments and linked land cover 

information to each of these lakes. Additional information about the MDNR catchments 

is found at http://deli.dnr.state.mn.us/metadata/wshd_lev08py3.html  

 

http://deli.dnr.state.mn.us/metadata/wshd_lev08py3.html
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3.2.5 Statistical Analysis 

To compile the data needed for analysis, we used Esri ArcMap to calculate lake 

areas from the lake polygons, tabulate land cover area for each catchment and ecoregion 

and link each lake to its catchment and ecoregion. Microsoft Excel was used to calculate 

land cover percentages for each catchment and categorize catchments by statewide land 

cover quintiles. To investigate water clarity trends of individual lakes we used Excelôs 

LINEST function to calculate the least squares linear regression statistic for 9,647 lakes 

with data for all five time periods (1985 to 2005). To determine how trends varied by 

lake type, we linked each lake to the ñwetland typeò from Bulletin 25 (MDNR, 1968), 

which classifies lakes according to the U.S. Fish and Wildlife Serviceôs Circular 39 (U.S. 

FWS, 1971). JMP 9.0 was used for analysis of variance (ANOVA) of the classes and to 

summarize the data statistically.  

 

3.3  Results and Discussion 

 Geospatial and temporal analyses were conducted on three separate data sets: (1) 

the full water clarity database of the lakes in the state for five time periods, (2) survey 

lakes with known morphometric and chemical characteristics, and (3) a subset of the 

headwater catchment survey lakes in conjunction with land cover data for the 2000 time 

period. The latter dataset, although only a subset of the entire database, is still large (> 

1000 lakes) and has the advantage of allowing for determination of watershed to lake 

ratios and comparisons of the responses of different type of lakes to extent of 

development and differences in land cover. 
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3.3.1 Spatial and Temporal Analyses: All Lakes 

Spatial and temporal trends: General Statewide. At the statewide level we 

found the following spatial and temporal trends for water clarity in Minnesota lakes 

(Tables 3.1 and 3.3 and Figure 3.1). (1) Lake clarity consistently was lower in the south 

and southwest and higher in the north and northeast. (2) The statewide average value for 

water clarity remained stable between 1985 and 2005 at 2.25 m. (3) Many of the clearest 

lakes are abandoned iron mine pits in the Northern Lakes and Forest (NLF) ecoregion 

that have filled with water. (4) Mean water clarity in the NLF and North Central 

Hardwood Forest (NCHF) ecoregions in central and northern Minnesota remained stable 

from 1985 to 2005, but decreasing water clarity trends were detected in the Western Corn 

Belt Plains (WCBP) and Northern Glaciated Plains (NGP) ecoregions in southern 

Minnesota, where agriculture is the predominant land use. These findings are similar to 

those reported by Chapter 2 (Olmanson et al., 2008). 

 

Table 3.3  Water clarity (m) statistics ecoregion 1985 to 2005 by ecoregion. 

 

Ecoregion  State Lakes %  Typical Range  Mean  Range STDV 

NLF 47 2.27 Ƅ 3.77  3.09 0.1 0.04 

NCHF 37 0.86 Ƅ 2.09 1.58 0.17 0.07 

WCBP 5.9 0.56 Ƅ 1.22 0.95 0.26 0.11 

NGP 5.7 0.78 Ƅ 1.64 1.27 0.38 0.19 

RRV 1.9 0.98 Ƅ 2.02 1.67 0.62 0.31 

NMW 1.6 2.15 Ƅ 3.51 2.86 0.48 0.23 

DLA 0.5 0.41 Ƅ 0.99 0.81 0.5 0.23 
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Spatial and temporal trends: Within Ecoregions. Minnesotaôs seven 

ecoregions differ in terms of their aggregate land use, geology, soils, vegetation, climate, 

wildlife, and hydrologic characteristics, and significant differences also occur in lake 

clarity among the ecoregions (Tables 3.1 and 3.3 and Figure 3.3). The observed pattern is 

fairly consistent for the five time periods (1985-2005). The NLF and Northern Minnesota 

Wetlands (NMW), which have land cover dominated by forest, lakes and wetlands 

(Figure 3.4), generally have the best water clarity in the state. The Northern Glacial 

Plains NGP, Red River Valley (RRV) and WCBP generally have low water clarity and 

are dominated by agricultural land cover.  

 

Figure 3.3  Minnesota water clarity boxplots 1985-2005 by ecoregion. 
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Figure 3.4   2000 land cover distribution by ecoregion. 

 

Water clarity in lakes of the NLF ecoregion typically is high; the 25
th
-75

th
 

percentile values for means of individual lakes from all time periods (hereafter referred to 

as the ñtypical rangeò) are 2.27-3.77 m, and the grand average for all lakes over the five 



  

 52 

measurement periods is 3.09 m. Using available SD data from 447 lakes, Heiskary and 

Wilson (1989) found similar results with a typical range of 1.8-3.9 m. In contrast, 

Heiskary and Wilson (2005) used SD data from 32 ñreference lakesò (lakes that are 

minimally impacted and considered representative for their ecoregion) and found a 

slightly higher typical range of 2.4-4.6 m. Slightly differences in typical ranges for 

subsets (available SD data and reference lakes) of the whole database are to be expected 

especially since the reference lakes represent minimally impacted lakes. Average water 

clarity remained fairly stable from 1985 to 2005 (range of 0.10 m and standard deviation 

(STDV) of 0.04 m). The NLF is a particularly lake-rich region (containing 47 percent of 

the stateôs lakes) dominated by forests (66%) and hilly land interspersed with wetlands, 

bogs, lakes and ponds. The lakes in this ecoregion are used mainly for recreation.  

Lakes in the North Central Hardwood Forest (NCHF) ecoregion exhibit a wide 

range of water clarity (typical range of 0.86-2.09 m). Heiskary and Wilson (1989) found 

similar results with typical range of 0.8-2.2 m using available data from 491 lakes, and 

Heiskary and Wilson (2005) found a slightly higher typical range of 1.5-3.2 m for 43 

reference lakes. The overall average water clarity remained stable between 1985 and 

2005 (mean = 1.58 m; range = 0.17 m; STDV = 0.07 m). This ecoregion has 37% of the 

stateôs lakes and is a transitional area with mixed land cover (Figure 3.4) and a terrain 

that varies from rolling hills to plains. Agriculture encompasses approximately 50% of 

the land in the NCHF, but there also are large areas of forest (17%), wetlands (12%) and 

grasslands (4%). This ecoregion includes the Twin Cities metropolitan area and thus has 
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the highest proportion (11%) of urban and suburban land among the stateôs ecoregions. 

Many of its lakes have been developed for residential and recreational purposes.  

Water clarity in the Western Corn Belt Plains (WCBP) ecoregion generally is 

low, with a typical range of 0.56-1.22 m and an overall average of 0.95 m. Heiskary and 

Wilson (1989) found an even lower typical range (0.3-0.9 m) for 47 lakes with available 

SD data, but Heiskary and Wilson (2005) found a typical range for 16 reference lakes 

closer to our results (0.5-1.0 m). The average water clarity showed some variability 

between 1985 and 2005 (range of 0.26 m and STDV of 0.11 m). There also was a trend 

of declining water clarity (slope = ī0.044; r
2
 = 0.91 for 1990 to 2005); the highest mean 

water clarity was 1.07 m in 1990, and the lowest was 0.85 m in 2005. This ecoregion has 

5.9% of the stateôs lakes and is characterized by nearly level to gently rolling terrain that 

is dominated by agriculture (77% of the total land area). 

The water clarity in the Northern Glaciated Plains (NGP) ecoregion is generally 

low with a typical range of 0.78-1.64 m and grand average of 1.27 m. Heiskary and 

Wilson (1989) found a lower typical range (0.3-1.2 m) for 15 lakes with available 

SDdata, and Heiskary and Wilson (2005) obtained a lower typical range (0.4-0.8 m) for 

13 reference lakes. This finding may reflect difficulties in finding minimally impacted 

reference lakes in this ecoregion. The average water clarity was more variable temporally 

than that in the other ecoregions (range = 0.38 m; STDV = 0.19 m), and there was a 

strong trend of declining water clarity (slope = ī0.085; r
2
 = 0.45). The highest mean 

clarity (1.5 m) occurred in 1985 and the lowest (1.12 m) in 2005. This ecoregion has 

5.7% of the stateôs lakes and is similar to the WCBP in that it is characterized by flat to 
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gently rolling terrain dominated by agriculture (74%), but it has more wetland (4%) and 

grassland (9%).  

In aggregate, the three remaining ecoregions account for only 4% of the stateôs 

lakes. The Red River Valley (RRV) ecoregion (< 2% of the stateôs lakes) is a flat plain 

left by glacial Lake Agassiz. The average water clarity was more variable than that of the 

other ecoregions: means of ~1.9 m in 1985, 1995 and 2005 and ~1.3 m in 1990 and 2000; 

Table 3.1) with a typical range of 0.98 to 2.02 m and an overall average of 1.67 m. The 

range of the water clarity data in this ecoregion was 0.62 m (STDV = 0.31 m). The 

Northern Minnesota Wetlands (NMW) ecoregion has < 1.6% of the stateôs lakes but does 

include a few of the stateôs largest lakes: Lower Red Lake, Upper Red Lake, and Lake of 

the Woods. The latter two are plagued by excessive algal blooms, but aside from these 

exceptions, this ecoregion has good water clarity and a trend of increasing clarity (Tables 

3.2 and 3.3 and Figure 3.3). The Driftless Area (DLA) ecoregion has only 0.5% of the 

stateôs lakes, and most of them are man-made reservoirs or backwater areas of the 

Mississippi River and its tributaries. The ecoregion is characterized by steep slopes that 

drain to the Mississippi River and is named for its lack of recent glacial activity. The 

mean water clarity of the lakes is low and variable (Tables 3.2 and 3.3 and Figure 3.3).  

Spatial and temporal trends: Individual Lakes. Although there is a general 

pattern of lakes being more eutrophic and thus low in clarity in southern Minnesota and 

clearer in the north, at the local level clarity is quite variable (Figure 3.1). The range and 

variability of water clarity throughout the state and at the local and ecoregion level is 
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striking and likely reflects both natural characteristics (e.g., depth and watershed size) 

and effects of anthropogenic characteristics (i.e., land use and management practices).  

Trends were identified in terms of an increase or decrease in water clarity by a 

factor of two (i.e., a doubling or halving SD) over the 20-year record. The water clarity 

data were log transformed to normalize the response throughout the range of SD values, 

and using the above criterion, we found that 1,039 (10.8% of Minnesotaôs lakes had 

trends in clarity. Of this total, 440 lakes (4.6%) had increasing clarity trends, and 599 

lakes (6.2%) had decreasing clarity trends (Figure 3.5). On a statewide basis, lakes with 

increasing and decreasing water clarity trends are spread throughout the state (Figure 

3.5a), but there is some clustering of lakes with increasing and decreasing water clarity 

(e.g., abandoned iron mine pits in NLF ecoregion are dominated by increasing water 

clarity; Shallow lakes along Lake Superiorôs north shore are dominated by decreasing 

water clarity).  Smaller lakes (< 60 ha) had a greater fraction of lakes (58%) with 

decreasing water clarity than larger lakes (> 60 ha; 53%) (Figure 3.5b). Lake ñtypeò 

information was available for 88% of the lakes identified as having trends. Lakes 

identified as shallow ñtype 2ò, ñtype 3ò and ñtype 4ò wetlands (MDNR 1968) had higher 

percentages (100, 79, and 70%, respectively) of decreasing water clarity than increasing 

water clarity than the deeper ñtype 5ò wetlands (52%) (Figure 3.5c). These trends suggest 

that smaller and shallower lakes are more susceptible to decreasing water clarity 

potentially due to changes in land use than larger and deeper lakes, which agrees with a 

long history of studies on lake eutrophication (e.g., Vollenweider, 1972; 1975). Although 

land cover data is currently not available for each time period, future studies would 
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benefit from having historic (~1975) to present statewide land cover maps at 5 year 

intervals to quantify impact of specific changes in land cover. 

 

Figure 3.5  a. Map of water clarity trends. The blue dots indicate lakes with improving 

water clarity and the red dots indicate lakes with decreasing water clarity, the size of the 

dot indicates the magnitude of the trend. The pie charts show the percentage of lakes in 

each ecoregion with increasing water clarity trends in blue and decreasing water clarity 

trends in red.  b. Trends by lake size. c. Trends by lake type. 

 

 

At the ecoregion level 20-32% of the lakes in the RRV, NGP, WCBP and DLA 

had trends, and a much larger portion of lakes had decreasing clarity than increasing 

clarity (Figure 3.5a). These ecoregions are dominated by agricultural land use, and the 

trends may indicate changes in agricultural activity over the study period. The NCHF had 
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trends in ~15% of its lakes with nearly equal portions of increasing and decreasing water 

clarity, and less than 5% of the NLF lakes had trends (2.7% decreasing and 2% 

increasing). The NMW ecoregion had increasing water clarity in 6.5% of its lakes and 

decreasing clarity in 1.3%. The latter two ecoregions have lower percentages of 

agricultural and urban land use than the other ecoregions, which may account for the 

relative stability. The relatively large fraction of NMW lakes with improved water clarity 

may be attributable to the relatively small dataset or climatic changes over the study 

period.  

 

3.3.2 Spatial and Temporal Analyses: Survey Lakes 

For the survey lakes we explored how well this subset represents the stateôs lakes 

as a whole, how the lake classes are distributed throughout the state and how water clarity 

varies with depth, lake area, and alkalinity.  

To determine whether the survey lakes are representative of all Minnesota lakes 

we compared the size class distributions of all lakes (Figure 3.6) in the state and the 

survey lakes (Figure 3.7). It is apparent that small lakes, which constitute ~70% of 

Minnesota lakes, are underrepresented in the survey lakes; only 40% of these lakes are 

small. Also, lakes from the NLF ecoregion are better represented in the survey lakes than 

lakes in other ecoregions (Table 3.4 and Figure 3.7). This analysis indicates that the 

survey lakes are not a representative sample of all Minnesota lakes. This would bias our 

results if we were extrapolating to the larger population (Peterson et al., 1999). Insofar as 

we are only comparing different types of lakes within this dataset, the survey lake 
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database actually is better for our purpose because the lake area (Figure 3.7) and depth 

classes (Figure 3.8) are fairly equally represented. As for lake class distribution, lakes of 

all size classes and shallow lakes are well distributed throughout the state while medium 

and deep lakes occur more in central and northern Minnesota (Figure 3.9).   

 

Table 3.4  Number of Minnesota vs. Survey Lakes by ecoregion. 

 

Lakes  Minnesota  
 

DLA 
 

NCHF 
 

NGP  NLF 
 

NMW  RRV 
 

WCBP 

# Minnesota 12193 101 4466 690 5671 215 215 835 

# Survey Lakes 3357 4 900 70 2209 22 29 123 

% lakes surveyed 27.5 4.0 20.2 10.1 39.0 10.2 13.5 14.7 

 

 

Figure 3.6  Distribution of Minnesota lakes by lake size class and ecoregion.   
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Figure 3.7  Distribution of survey lakes by lake size class and ecoregion. 

 

Figure 3.8  Distribution of survey lakes by lake depth class and ecoregion. 
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Figure 3.9  Lake class distribution map. 

 

We examined the tripartite (area, depth and alkalinity) classification system at the 

state wide and ecoregion level to determine whether these variables contributed to 

differences in water clarity. To distinguish general patterns we focused on values in the 

typical range (25
th
-75

th
 percentile). At the statewide level, some significance differences 
























































































































































