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Abstract

Beginning soon after the launch of the fitsindsat satelliteesearchrs began
investigating the usef 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 plumesitighbereaftey
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 teiarlier work and describes results of research to
develop and use remote sensing tools for regional water quality assessment to improve
the understanding and man ag elnneludes foorf Mi nnes
major componentsFirst,a 2Gyear,1985 2005, comprehensive water clarity database
for more than 10,500 lakes at approximately-fpear intervalsdr the time period 985
2005 whichincludes almost 100,000 individuestimates of lake water clarity, was
compiled and evaluated. Second, thsults of astatistical analysis of theandsat
database for geospatial and temporal trends of water clarity over-freaperiod, as
well as trends tated to land cover/use and lak@rphometryare reportedThird, the
advantages of improved spedtand temporal resolution and disadvantages of the lower
spatial resolution of the global MODIS and MERIS systems are evaluatezhfonal
scale measurements of lake water clarity and chlorophidirge lakes in Minnesota and

compared with LandsaEinally, aerialhyperspectral spectrometers were used to collect

Vi



imagery with high spatial and spectral resolution for usdantifying, measuringand
mappingoptically related water quality characteristics of major rivefglinnesotafor

three time perids 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 worldkes are importansubsistenceecreational and
aesthetic resources that add to the econstrengthandquality of life. Protectng and
monitoring lake water qualitgrechief concerafor manynational, regiona&nd local
organizationsFor successfubke management, it isnportantto have longterm water
guality informationat a broadregionaland locallevel. Regrettably only arelatively
smallnumberof lakes are regularly monitored gyoundbased methodsnd historical
water quality datare defitentfor most lakes. Although it is not possible to go back in
time and collect water quality information usitmgditionalfield methods, Landsat
imageshave beemcquiredand archived on a regular basisce the early 1970s,
enabling historical water @ity assessments of all lakésdditionally, global systems
such as MODIS and MERIS have been acquigng archiving imagery on a regular
basissince the earl2000s enablingmore recenhistorical water qualitpssessments of
large lakes

Landsat imagey 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.,ibd, 1973; Pluhowski, 1973). Shortly thereafter, Landsat imagery

1



was correlated to field based measurements (e.g., Yarger, 1973; McCauley, 1974;
Brooks, 1975) and finally used for quantitative assessment of water qedality
turbidity, chlorophyll and \ater clarity, frequently expressed in terms of Secchi depth)
(e.g.,Brown et al., 19774d;illesand et al., 198Ritchie et al., 1990; Lathrop et al., 1991,
1992; Dekker and Peters, 1998)it until recent timethese reports usually described
investigative effortsinvolving only one or a few lakes and/or short observation periods.
One early exception was the workMértin et al. (1983), who used sewmiitomated
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,
regionalscale 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
sevencounty Twin Cities Metropolitan Area (TCMA) of Minneapoli. 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 c@onents. First, the procedures used in Kloiber et al.

(2002b) and Olmanson et al. (2002) were expandedrtplete a 2¢ear, 19852005,



comprehensive water clarity database for more than 10,500 lakes at approximately five
year intervalsdr the time perid 1985 2005 whichincludes almost 100,000 individual
estimates of lake water clarigydis the largest database @ke clarity produced from
Landsat imagery to date. Second, the resultsstditgstical analysis of theandsat

database for geospatialcatemporal trends of water clarity over theygar period, as

well as trends tated to land cover/use and lak@rphometryare reported Third, the
advantages of improved spectral and temporal resolution and disadvantages of the lower
spatial resolutin of the global MODIS and MERIS systems are evaluateckfponat

scale measurements of lake water clarity and chlorophidirge lakes in Minnesota and
compared with LandsaEinally, aerialhyperspectral spectrometers were used to collect
imagery withhigh 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. Statkis known athe "Land
of 10,000 Lakes It hasapproximately 12,000 lakes that are fbectares (ha) or larger
in area as well as 6,564 natural rivers and countless strédzanhstretch approximately
150,000 kmThese water bodiegary greatly at local, regional and statewide scales by
size, depthecology, and water quality. The wide diversity allowsrfany recreationa
and tourism opportunitidsut makegheir management challenging. Of the lakes that

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

eutrophich i on and of the 17 percent of the stat



2010 Impaired Watersist, 40 percent were found to be impaif@ Anderson,
Minnesota Pollution Control Agency, personal communicatigfl0 & 2011).
Minnesotahasseven eoregionghatdiffer in terms of their aggregate land use,
geology, soils, vegetation, climate, wildlife, and hydrologic character{€icgernik
1987).The Northern Lakes and Forest (NLF) and Northern Minnesota Wetlands (NMW),
which have land cover domated 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 lancover.

1.3 Synopsis of the chapters

This dissertation idivided 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 (Chaptéor)ublication 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 &2008)was published ilRemote Sensing of
Environmentainddocumend a series oMinnesota statewidassessments that include
more than 10,500 lakesachat approximately fiveyear intervals for the periatB85
2005 More recently, additionassessments were completed for 1975 using Landsat
multispectral scanner (MSS) imagery da0d2008 using Landsat Thematic Mapper (TM)

and Enhanced Thematic Mapper plus (ETM+) imagery. These assessments have



demonstrated strong relationsh{pserage Rof 0.83 and range 0.70.96)between the
spectralradiometic 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 availabléntib://water.umn.eduand a wk-based mapping

tool called ALake Browsero enables searche
This database is used routinely by scientists, teachers, agencies, and the public for
research, education, water management and recreational purposes.

Chapter 3 describesgeaspatial and temporal analysis of the twepdar Landsat
water clarity databasE985 2005 using GIS in relation to land use/land cover and lake
morphometric characteristidsake clarity in Minnesota has a strong geographic patte
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/tsvés a
significant factorwith decreasing water clarity associated with increased agricultural and
urban areadncreasing water clarity was associated with increased forest @iheas.
mean water clarity statewide remained stable from 1985 to 2008ebgtasing water
clarity trends were detected in ecoregions dominated by agricultural lanthese.
patterns are evident at the catchment, watershed, county, ecoregion and statewide levels.
Results of this analysis should be useful to lake managersoiiog makers in making
informed decisions about land development and improve the management of lake

resources.
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Chapter 4 (Olmanson et &011) was published iWater Resources Research
and investigatesmo alternative systenfsr remote sensing of regiahwater qualityFor
the assessments completed in Chapter 2 Landsat imagery wabawseder Landsat 5
imaging was suspended in November J8id MSS sensor was reactivated and may
allow for imaging to continuelandsat 7while still operatingis farbeyond its expected
service life and could fail at any timéhe 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 caséxanined 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 ocdansvaluate the usefulness of
these systems for lakes, we used empirical methods similar to those used for regional
water clarity assessmemsth Landsat datan Minnesota. The assessment accuracy for
chlorophyll and water clarity (Secchi depth) and tlze and number of lakes that could
be assessed were determined for calibrated radiance and atmospherically corrected
MODIS and MERIS products and were compared to Landd@DIS and MERIS
systems, which have large swath widths and high temporal covesgelasuited 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 resolutiits 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



scattering characteristics of phytoplankton t@ild be used reliably for regional
chlorophyll assessmentBhe atmospherically corrected MERIS products we teditbd

not perform as well athe calibrated radiance product, and the MODIS atmospherically
corrected algorithm using tisbortwave infrareSWIR) bands performed better than
the methods used for MERIS and as well as the calibrated radiance product.

Chapter Snvestigates the use aérialhyperspectraspectrometerto measure
and map optically related water quality characteristics of majers in theMinneapolis
St. Paul Twin Citieg metropolitanareg Minnesotalmagery was collected during three
acquisitions (August 2004, 2005 and 2007); each period represented different flow and
water quality regimes. For calibration purposes, watermsdes 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 characteristi§gectal characteristics that distinguish
waters dominated by different inherent optical properties (I@#@s} identifiedand used
to developempiricalmodels to map different water quality characteristics in optically
complex waters.

Application of the methaglto quantify spatial variations in water quality for
important stretches of the Mississippi River and its tributanigdisate thaimaging
spectrometrganbe used tesuccessfullydistinguish and map key water quality variables
under complex IOP conditns, particularly toseparate and map inorganic suspended

sediments independently of chlorophyll levé&iapsshowing the complex interactions of



sediment and algae in these river segments due to different flow condhimus be

useful for water resouraeanagers.



Chapter 2

A20y ear Landsat Water Clarity Census

A 20-year comprehensive watelarity databasassembled from Landsat
imagery, primarily Thematic Mapper and Enhanced Thematic Mapperfétus,
Minnesotaakeslarger than eighbectares inwface area contains daia more than
10,500 lakest five-year intervals over the period 198605 Thereliability of the data
was evaluated by examining the precision of repeated measurements on individual lakes
within shorttime periods using data from adjacent overlapping Landsat paths and by
comparing water clarity computed frdmandsatdatato field-collectedSecchi depth data.
The agreement between satellite data and field measurements of Secchi depth within
Landsat path was strong (averagée Bf 0.83 andrange 0.740.96). Relationships
between late summer Landsat and figldasured Secchi depth for the combined
statewide data similarly were stronggf 0.77-0.80 for individual time periods and=
0.78 for the entirglatabase). 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
ecoegion 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

! Reprinted in slightly reviskform from:Olmanson, L.G.Bauer, M.E. & Brezonik, P.L. (2008). A 20
year Landsat water cl ar it yRematerSensirgy ofEhvirodmentp(ely ot abd s
4086 4097,with permission from Elsevier.
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Belt Rains 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 Pl@i8massessment
demonstrate 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.

2.1Introduction

Mi nnes ot a dakes areimmoraatuesreational 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 effecte lake management, it is essential to have-tengm 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 qualitydata 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
197Gs, 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 exceptioMaxtin 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 al2001) described a practical and efficient procedure to use Landsat
Thematic Mapper (TM) and Enhanced Thematic Mapper Plus (ETM+) imagery for
routine, regionakcale assessments of lakes for water clarity, and Kloiber et al. (2002b)
used this approach toeasure spatial patterns and temporal trends of ~500 lakes within
the severcounty metropolitan area of Minneapefs. Paul Minnesota. Olmanson et al.
(2002) expanded this work to a statewide level, reporting the first census of Minnesota
lakes for wateclarity. Chipman et al. (2004) have conducted cefsusl analyses on
lakes in Wisconsin using similar procedures for over 8000 lakes.

Using these methods we now have completedge20, comprehensive water
clarity database for lakes larger than ~8 hest#20 acres) in area. The database includes
results for more than 10,500 lakes based on Landsat imagery at approximatgdafive
intervals for the time period 198805 and includes almost 100,000 individual estimates
of lake water clarity, which mayelthe largest database on lake clarity produced to date.
The objective®f 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 watclarity in Minnesota over the past 20 years.
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2.2 Methods

Thelong 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 managemerraies to complement water quality data obtained by
groundbased sampling programs. One of the pnmamagement issues for inland lakes
is trophic state, and of the three most common indicators of trophid¢ $tate
phosphorus (TP), chlorophwl(chl a), and Secchi disk transparency (commonly called
Secchi depth, SD) 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 &ands 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 estimatingadafor all lakes in an image from the
regression equation developed in thélration step. The results then can be mapped as
distributions of SIingsain the lakes, and the estimated $la:ican be converted to a
trophic state index based on transparency: TSKgE:) = 601 14.41 In(SRandsat)
(Carlson 1977).

It is impottant to recognize that other factors besides phytoplankton abundance
(as measured by chlorophyll) may affect SD in lakes. Most important of these non
trophicstate factors are humic color and famytoplankton turbidity, including sall
derived clays and spended sediment. For this reason, we report our results based on SD
calibrations as satelltestimated SRngsaOr TSI(SDandsa), 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 imagry 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 avaible 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 workedsawell 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 dfadive Landsat images
from a late summer index peri@duly 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,&001). There are two adviages to using images from this
index period: (1) shottierm 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 annamgrslates 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 patresd¢bnsecutive rows from the same
orbital path) of imagery for all of Minnesota are rare. Fidguiellustrates 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 comé¢he middle of the imagery, and path 27 has

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

Path 29
Path 27

Figure 2.1 Two Landsat paths of consecutive images used to assess water clarity.
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avoiding areas with clouds and haze (discu$seter 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 26085k& s (e.g.,
2000 used imagery from 1999, 2000 2@d1) were needed to acquire clear imagery for
the entire state (Tabk1). 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, irdilug 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 @aasets 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 foora 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. Mbmber 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 2.1Landsat image data and calibration model statistics for Minnesota water clarity database.

Number Estimated Model Statistics Number
Image Date Path  Rows Images Sensor Landsat % Clear Days * N SD Range (m) R? SEE ** Lakes Assessed
8/13/1984 29 27-29 3 ™ 5 75 8 17 09-55 0.91 0.144 3305
9/16/1984 27 26-30 5 MSS 4 95 7 70 0.4-7.0 0.80 0.325 4573
8/18/1985 27 29-30 2 ™ 5 75 7 37 0.3-3.2 0.85 0.223 997
8/3/1986 29 26-28 3 ™ 5 50 7 19 09-58 0.71 0.287 2685
8/21/1986 27 26-29 4 ™ 5 75 7 105 03-7.0 0.79 0.324 4405
8/28/1986 28 26-28 3 ™ 5 60 3 56 0.6 -6.1 0.86 0.203 3646
8/30/1986 26 27 1 ™ 5 85 9 22 09-73 0.94 0.159 1384
8/1/1987 26 29-30 2 ™ 5 85 8 16 0.3-6.4 0.90 0.319 244
8/15/1987 28 28-29 2 ™ 5 60 10 25 0.3-43 0.82 0.302 1237
8/7/1990 28 27-30 3 ™ 5 85 3 211 0.15-9.5 0.77 0.322 4436
8/25/1990 26 29-30 2 ™ 5 95 7 29 03-73 0.77 0.362 456
8/30/1990 29 26-29 4 ™ 5 100 3 116 0.18-7.2 0.77 0.375 3784
8/19/1991 27 27 1 ™ 5 75 7 36 0.4-8.4 0.88 0.279 1539
8/26/1991 28 29-30 2 ™ 5 80 7 27 0.2-6.4 0.79 0.338 700
8/28/1991 26 27 1 ™ 5 95 7 34 0.6-9.9 0.77 0.374 1462
9/4/1991 27 26-30 5 ™ 5 85 3 169 0.15-9.1 0.79 0.372 4390
7/24/1994 29 28-29 2 ™ 5 75 5 52 0.15-6.4 0.81 0.267 1534
7/29/1995 27 27-30 4 ™ 5 90 3 212 0.15-8.2 0.83 0.297 4965
8/14/1995 27 26-28 3 ™ 5 70 3 87 0.3-7.0 0.84 0.311 2433
8/21/1995 28 26-30 5 ™ 5 100 3 278 0.15-8.8 0.83 0.265 5456
9/13/1995 29 26-28 3 ™ 5 85 3 93 0.4-6.7 0.82 0.227 3310
8/25/1996 26 27-30 4 ™ 5 90 10 30 0.15-8.2 0.86 0.406 1470
7/23/1999 28 26-30 5 ETM+ 7 95 3 268 0.25-6.8 0.81 0.296 4773
9/11/1999 26 29-30 2 ETM+ 7 100 7 21 0.3-6.4 0.92 0.317 487
8/10/2000 28 28 1 ETM+ 7 70 3 89 0.15-7.0 0.89 0.249 972
9/5/2000 26 27 1 ™ 5 60 7 16 0.8-55 0.96 0.141 900
9/12/2000 27 26-30 5 ™ 5 95 3 227 0.15-14.6 0.82 0.370 4438
8/28/2001 29 26-28 3 ™ 5 95 3 124 0.3-8.5 0.89 0.220 3768
8/13/2003 26 27 1 ™ 5 50 10 21 05-7.3 0.81 0.381 1247
9/5/2003 27 26-29 4 ™ 5 90 3 219 0.15-8.1 0.84 0.326 4569
8/5/2004 28 26-28 3 ETM+ sic off 7 50 3 139 0.3-8.2 0.84 0.226 2671
8/21/2004 28 26-28 3 ETM+ sic off 7 50 3 171 0.6 -6.7 0.86 0.240 3694
9/16/2004 26 29-30 2 ™ 5 100 7 13 0.3-55 0.90 0.318 425
7/30/2005 29 26-29 4 ETM+ sic off 7 95 3 141 0.6-8.8 0.72 0.297 3760
8/7/2005 29 26-29 4 ™ 5 80 3 127 0.3-8.2 0.81 0.302 3415
9/1/2005 28 27-30 4 ™ 5 75 3 152 0.15-5.8 0.85 0.297 2983
9/2/2005 27 28-30 3 ETM+ sic off 7 80 3 127 0.15-5.8 0.83 0.343 2450

* 8D data used for calibration within No. of days of Landsat overpass
** Standard Error of Estimate



In situ SD data for image calibration is readily available for most of Minnesota
because of volunteer efforts of the Citizen Lake Monitoring Progrdtivii}, combined
with technical resources (training and management) of the Minnesota Pollution Control
Agency (MPCA). The CLMP program beganim@ 73 at t he University
Limnological Research Center. Initially, fewer than 200 lakes were moniraddyear,
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-sewety Twin
Cities metropolitan area) were monitored for water clarity in 2005. In some pénts of
state the fraction monitored is much lower. CLWt®nitored lakes tend to be
recreational lakes that are larger (median size of 75 ha and average size of 333 ha), than
Landsatmonitored lakes (median size of 18 ha and average size of 99 ha). It alkb sho
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 (Petakrson et
1999).

To calibrate the imagery we used water clarity distai(u SD) usually collected
within + 3 days of the image acquisition dabeitthe window was increased to up#b0
days in cases where data were spatkeber et al, 2002a found thaground
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 ak004 had similar findings and determinedttmodel

parameter values did not change significantly with a wider time windesvMowhd that
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for images where situ data were sparse the larger number of ground observations with
longer time window improved the calibration of the imagery. For exarfgle,
comparisons of models usingsitudata acquired within £1 and + 7 dayf an August
25, 1996 TM image, the number of ground observations increased from 12 to 26 with the
longer time window and Rvalues increased from 0.85 to 0.88, #mel standardreor of
estimate $EE) 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 largem@mdd r
fluctuations in a given lake during the relatively stable late summer index period
(although there are strong seasonal patterns in clarity) (Stadelmanr2@04).For a
few images where data were too sparse (less than 15 data points) or ndgtvitaliteld
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, 2002 for more information on this methodhe number of
SD measurements available for calibration ranged fromh6li® 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 measuremerits usade
calibration was 97. The calibratialata 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.auerage water

clarity for each field data collection point and each lake polygon (that had field data)

18



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 sdtware and computer hardware enabled simpler or improved image processing
proceduresWe used Leica Geosystems ERDAS Imagine asrdAfcGIS for image
processing. Acquiring a representative sample from the image for each lake was a
primary objective, andnage 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 intecsextrom 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 t;meombi
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 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 clpped. Because each image (path) was calibrated individually with fielddata,

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

—— Clouds

RGB 4,2,1 ' RGB 1,6,6

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 i mage prepr oces sonlgy owaismacgoempw aest ep,r G
performing an unsupervised classification method based odRAF@ 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 aovdyeimage,
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 \(atere sediment and/or

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

affected pixels. Next, the spectral radiometric data frome fivap em 0 i mage we.
obtained to develop relationships with measured SD. For these assessments, we used a

lake polygon layer (Olmanson et,&001) to help automate the process. The polygon

layer used for this purpose has 12,049 polygons delinglaties 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 extractigpelata from the image

for all lakes in the image.

Using logtransformed SD data as the dependent variable and TM band 1 and the
TM1:TM3 ratio as independent variables, we performed-s@sares multiple regression
usingthe general form:

In(SD) = aTM1/TM3) + b(TM1) + ¢
where a, b and c¢ are coefficients fit to the calibration data by the regression analysis,
In(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 pixte blue and red bands,
respectively. Kloiber et gl2002a 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 fgxeom each lake to calculate water clarity
(SDLandsa)- 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 Take®ate maps the
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computed SPngsaildata were linked tthe lake polygon layer. The lakevel polygon

method has an advantage over pieskel 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 imageocessing 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 wased 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 foeach 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 giveime 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 phyttgnkton 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 serdecadal 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 grebaded water clarity data (SD from the
CLMP) and pectratradiometric responses of the Landsat data. The SD raAg8EE
and the number of lakes for each model are listed in Pablé? values for the
regression relationships to establish the coefficients of the model equations ranged from
0.71 to 0.8 (average of 0.83) and SEE ranged from 0.141 to 0.406 (average 0.292).
Given that grourdbased measurements of SD are themselves subject to some
imprecision, we consider these relationships to be very good. Similar strong relationships
also were found biloiber et al. (2002b) and Chipman et al. (2004). In contrast, Nelson
et al. (2003) reported lov 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
relaionships 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 speattedmetric 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 (Sif€} 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. Figur@.3 shows the overlap area of the images and a scatter plot with regression
line of the Landsainferred TSISDLandsa) Values for the overlap area of eactage. 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 forweimages (R= 0.85 for
Septemberland®® 0. 83 for September 2), but the
were rather different. Nonetheless, agreement between the two sets of {iafedsad
TSI(SDLandsa) Values is very strong%(= 0.94), and th results parallel the 1:1 line,

indicating that water clarity results from the two sensors and dates are highly comparable.
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To evaluate the variability i8D_angsatr€sults over the range of the late summer
index period, we examined the overlap areah@fe 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 (FR&4). Although the relationships are not as strong as
those for images acquired within one day, taeystill strong withFvalues of 0.87, 0.89
and 0.80. The range of image dates (Jukt2Btember 13) covers most of the late
summer index period (July 4September 15). The August 14 image is closest in time to
the August 21 image, and regression lioethe 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 diffences 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 Fig2.4 suggest that restriot satellitebased 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 seasmmtions, but considering the
frequency of cloud cover in Minnesota (Kloiber et 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 dodsappear 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 usingnzotwb late summer
index period to be acceptable, espegiaihce 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 fivederadal time periods.
Thereforejt 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
section2.2.3), relates to fieladneasured water clarity data, which is the average late
summer CLMP SD data (see sectib.1), for each time period. Regression analyses

were conducted with Landsderived TSIED angsa) as the dependent variable and
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average fielemeasured latsummer TSI(SD) as the independent variable for each time
periodand for a combined data set containing 6,216 field observations? Falaes for

the five time periods range from 0.77 to 0.80 (Ri§), and f = 0.78 for the combined
dataset (Fig2.6), indicating a consistently strong relationship between Lastttsiaed

and fieldmeasured latsummer SD. However, because small percentages (4%4) of

the CLMP SD data used to calculate the averageslatener CLMP SD also were used
for image calibrations and could bias validation of the relationship, an indepsntset
was created. The independent subset was the averagerateer CLMP SD data for

lakes not used to calibrate any of the images in each time period. Valédésof r
regression analyses for the independent subset were slightly lower than tia¢efseit d

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 Lateisaed and fielemeasured
latesummer SD. This is especially true considering that some of theticedircr” may

be due to data year disparity, since each time period consists of multiple years of data
(see sectio.2.1) and removal of the calibration lakes left data from years without
imagery to validate the water clarity of a lake. The regressies klosely match the 1:1
line for each time period and for the combined dataset indicating the Laletseastd and
field-measured SD results are comparable. Thus, Landsat images from-gerater
index period provide a reliable estimate of SD for the af the imagery and the
combined database provides a reasonable estimate of late summer water clarity for each

time period.
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Figure 2.5Scatter 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 Lands8D, angsatvalues generally were largéran 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 playtkjon and SD
across a lake (Dekker et,#002). 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 differdraoaghe 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 serdlecadal 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.
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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 (FR&7). At the statewide level water diy has remained
stable between 1985 and 2005 (&) 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 lakeswséthr clarity around
15 m in the 2005 time period (Fig.8) needs further investigation, but could be due to

changes in some mine operations.
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Figure 2.8 Boxplots of 2005 Minnesota lake clarity by ecoregion and statewide for 1985
- 2005.
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Ecoregions Lakes in Minnesota span seven natural ecoregions which differ in
vegetation, soils, geology, climate, hydrology, and land use. We used the EPA Level Il
Ecoregions of Minnesota for analggMinnesota Land Management Information Center,

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

from the boylots for 2005 in Fig2.8. Water clarity distributions at the statewide level

and for the four ecoregionstat i ncl ude most (96%) of Minne
Fig.29. The Northern Lakes and Forest Ecoregi
lakes, has results concentrated in the higher water clarity classes and an avegrage SD

of 3.09 m. The Norti€entral Hardwood Forests Ecoregion (NCHF), which has 38% of

the statebs | akes, has a wi dggafd.B8re of wat
Lakes in the Western Corn Belt Plaines Eco
lakes, generally hadewer water clarity (average $Egsat0f 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 1988005 period, average water clarity remained relatively stable in
lakes of theNLF 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 higbst 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 all988) and usually reflects the amount of phytoplankton
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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, atitheatemnd sub

regional levels conditions are quite variable. Rig0 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 oppagitertiles 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 characteristiesy., 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 Landstinate 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 2000e 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 ig nertain 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 19902840 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 theutligssnclude the time frames of
analysisi tenyear intervals (1980 to 2000) in Wisconsin versus-figar intervals (1985

to 2005) in Minnesota, and the lakes assessed for temporal trends in Wisconsin were
limited to those assessed in the MSS study (a@0% 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 Minnesotdagdewide 20year 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 monitoringnegrams 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. Howevehy 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, Lindah €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 nutrientesia 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 claritgtdbase can also be used in conjunction with
morphometric, landise 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 anchie. 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 collectin 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 Landsatifnaging operationsurrentlysuspended._andsat7 operating
(SLC off) pastits expected life timeandno replacement is expected fmmother 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
resaurces. 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
massived0-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 te thak
results easily available to lake managers, government agencies and the public. The
availability of such information is essential for a wialormed public and a prerequisite
for effective environmental management. To make the data available werbated
ALakeBrowser, 0 a MapServer application, at

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

Geospatial and Temporal Analysis of a 2ear Landsat Water Clarity
Census of MOODhakesot ads 10,

Alarge20y e ar dat abase on water clarity for
was analyzed statistically for geospatial distributions and temporal trends. The database
includes statewide water clarity estimates (expressed in terms difi 8epth) 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. Thisypatesident at the levels
of individual lakes and ecoregions. Temporal trends in water clarity were detected in
~1l1percent of Minnesotads | akes: 4.6% had
clarity. Ecoregions in southern and western Minnesota,envdgriculture 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 watdy clia@tewide 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 landecolizakes with lower watershed to lake
area ratios had higher water clarity than lakes withdrigitios. 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 levélsis pattern also held when lakes were grouped

by depth classes.

3.1 Introduction

The state of Minnesota, U.S.A. the #dALan
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 affeténstaed 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 chasdicteion 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; Wilsord Weng, 2009) on water
guality. 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 Wil§d889) used the ecoregion framework of
Omernik et al. (1987), which recognizes distinct regional patterns of geology, vegetation,
hydrol ogy and | and use, to characterize wa

ecoregions. These findings were useddip liefine reasonable water quality goals for

40



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 volunteernslacal or state agencies and thus targeted recreational
lakes that tend to be larger than average; i.e., the lakes were not randomly selected
(Chapter 2QImanson et al., 2008 Therefore, biases may occur when these data are
extrapolated to the largeppulation of Minnesota lakes (Peterson et al., 1999; Soranno et
al., 2011; Wagner et al., 2008).

Landsat imagery has proven to be a-@ctive source to assemble
comprehensive information for regional lake assessments (e.g., Kloiber et al., 2002), and
we used it to develop a water clarity dat a
area over a 2Qear timeframe. The database, which was document&hapter 2
(Olmanson et al2008), includes water clarity measurements on more than 10,53 lak
for time periods centered around 1985, 1990, 1995, 2000 and 2005.

This paper describes the resultstdtistical analyses of the database for
geospatial and temporal trends of water clarity over thge20 period, as well as trends
related to land ager/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.

41



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 Timatic 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 descriligaddpyer 2 QImanson et
al., 2008), and the datzan be accessedwahter.umn.eduBecause 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 yéags, 1994, 1995 and
1996 for the n19950 time period). The dat a
(GIS) format that can be used to create maps (Figure 3.1) and conduct statistical analysis

and summaries at different geographic delineations (Tah)e

3.2.2 Land Cover Data

Land cover data used for this project are from an online itgp/(land.umn.edu

for the state of Minnesota for the year 2000 derived by multitemporal, multispectral
supervised image claisation 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-Bl#f&ored
"eforest" research projeot the University of Minnesota Remote Sensing and Geospatial

Analysis Laboratory. The land cover classification scheme was modeled after the Upper
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Midwest Gap Analysis Program Image Processing Protocol (Lillesand et al., 1998). This
scheme identifies thand 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 yearto-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 agréement r
between estnated and measured percent impervious surface area was 0.86 with standard

error 11.7. For further information and access to the datatgegland.umn.edu/
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Figure 3.1 2005 Minnesota lake water clarity map withuoty and ecoregion

boundaries.
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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 1.54 151 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 2.93 451 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 ofbtslogical,chemical, and

morphometric characteristics, a variety of general patterns show these characteristics

influence lake responses to watershed impacts. To differentiltkdrcharacteristics

from watershed influences we grouped the lakes byrgepkysical 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, buasueed data were needed for lake

depth

|l akes.

and al kalinity. These characteri sti

c

We extracted these data from a subs

Minnesota Department of Natural Resources (MDNRe 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 distimpettern 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.
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Figure 3.2 Minnesota lake alkalinity surface interpolated gskniging 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, multibasin lakes, for whichhe 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 EPAevellll 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 aggregaterld use, geology, soils, vegetation, climate, wildlife, and
hydrologic characteristics. We also used county, minor watershed, catchment delineations
and individual lakes at the statede level and within ecoregions, to investigate
geospatial and temporaehds. The smallest delineated drainage areas mapped by the
MNDNR, <called Acatchments, 0 have been del
minor watershed boundaries. The hydrologic watersheds for some lakes contain many
catchments (and may include attwhal 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 atttp://deli.dnr.state.mn.us/metadata/wshd levO8py3.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 landec@vea 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 wateact i ty trends of individual
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 eachlakeo t he fAwetl and typedo from Bul
which classifies | akes according to the U.
FWS, 1971). JMP 9.0 was used for analysis of variance (ANOVA) of the classes and to

summarize the data statcsdily.

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 chemicahiEtteristics, 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 advantagallofiving 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 $atewide. At the statewide level we

found the following spatial and temporal trends for water clarity in Minnesota lakes
(Tables3.1 and3.3 and Figure 3.1). (1) Lake clarity consistently was lower in the south

and southwest and higher in the north andhsast. (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 vea 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 Glaciatelhins (NGP) ecoregions in southern

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

those reported bghapter 2 QImanson et al2008).

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 b 3.09 0.1 0.04
NCHF 37 0.86 b 1.58 0.17 0.07
WCBP 5.9 0.56 b 0.95 0.26 0.11
NGP 5.7 0.78 b 1.27 0.38 0.19
RRV 1.9 0.98 b 1.67 0.62 0.31
NMW 1.6 2.15 b 2.86 0.48 0.23
DLA 0.5 0.41 b 0.81 0.5 0.23
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Spatial and temporal trends: Within EcoregionsMi nnesot abds seven

ecoregions differ in terms of their aggregate land use, geology, soils, vegetation, climate,
wildlife, and hydrologic characteristics, dsignificant differences also occur in lake

clarity among the ecoregions (Tab®$ and3.3 and Figure3.3). The observed pattern is
fairly consistent for the five time periods (198605). The NLF and Northern Minnesota
Wetlands (NMW), which have lanabeer dominated by forest, lakes and wetlands
(Figure3.4), 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.
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Figure 3.4 2000 land cover distribution by ecoregion.

Water clarity in lakes of the NLF ecoregion typically is high; th&-25"
percentile values for means of individual lakes all time periods (hereafter referred to

as the fAtypi c&7n7 mraadrithg granyl average for 2ll Iakes over the five
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measurement periods is 3.09 m. Using available SD data from 447 lakes, Heiskary and
Wilson (1989) found similar resultsitiv a typical range of 1:8.9 m. In contrast,

Hei skary and Wi lson (2005) used SD dat a
minimally impacted and considered representative for their ecoregion) and found a

slightly higher typical range of 24.6 m. Sightly 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 898 to 2005 (range of 0.10 m and standard deviation
(STDV) of 0.04 m). The NLF is a particularly lakieh region (containing 47 percent of
the statebs | akes) dominated by forests
bogs, lakes and ponds. Tlakés 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-:889 m). Heiskary and Wilson (1989) found
similar results with typical range 6f8-2.2 m using available data from 491 lakes, and
Heiskary and Wilson (2005) found a slightly higher typical range eB8125n for 43
reference lakes. The overall average water clarity remained stable between 1985 and
2005 (mean = 1.58 m; range = 0.17$7DV = 0.07 m). This ecoregion has 37% of the
statebds | akes and i s a tr ans34tandanteadin ar e a
that varies from rolling hills to plains. Agriculture encompasses approximately 50% of
the land in the NCHF, but thea¢dso 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
Many of its lakes haveden developed for residential and recreational purposes.

Water clarity in the Western Corn Belt Plains (WCBP) ecoregion generally is
low, with a typical range of 0.56.22 m and an overall average of 0.95 m. Heiskary and
Wilson (1989) found an even lowspical range (0.8.9 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 (3.5.0 m). The average water clarity showed some variability
between 1985 and 2005 (rangeDd?6 m and STDV of 0.11 mThere also was a trend
of declining wat er?=0.91dor 1990 yo 2G05)]the pighestmean0 . 0 4 4
water clarity was 1.07 m in 1990, and the lowest was 0.85 m in 2005. This ecoregion has
5.9% of the statebds | dykeeebtogemhdrollingsterraimtbat act er
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 0.78.64 m and grand average of 1.27 m. Heislkauy
Wilson (1989) found a lower typical range (L2 m) for 15 lakes with available
SDdata, and Heiskary and Wilson (2005) obtained a lower typical range.80) for
13 reference lakes. This finding may reflect difficulties in finding minimally icbgc
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 decl i ni?*045yaheleighmeanar i ty (s
clarity (1.5 m) occurred in 1985 and the lowest (1.12 m) in 2005. This ecoregion has

5. 7% of the stateds | akes and is similar t

53



gently rolling terrain dominated by agriculture (74%), but it has matéand (4%) and
grassland (9%).

Il n aggregate, the three remaining ecore
|l akes. The Red River Valley (RRV) ecoregio
left by glacial Lake Agassiz. The average water glavihs 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 egpom was 0.62 m (STDV = 0.31 m). The
Northern Minnesota Wetlands (NMW) ecoregio
include a few of the statebs | argest | akes
the Woods. The latter two are plagued by esivesalgal blooms, but aside from these
exceptions, this ecoregion has good water clarity and a trend of increasing clarity (Tables
3.2 and3.3 and Figure3.3). The Driftless Area (DLA) ecoregion has only 0.5% of the
stateds | akes, a-mdde resewdirs oo fackwateeaneasaoftlee ma n
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 low and variable (Tableés2 and3.3 and Figure3.3).

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 localkl 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 mthropogenic 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 they2@r record. The water clarity
data were Ig transformed to normalize the response throughout the range of SD values,
and using the above criterion, we found th
trends in clarity. Of this total, 440 lakes (4.6%) had increasing clarity trends, and 599
lakes (62%) had decreasing clarity trends (Fig@rg). 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 clari
(e.g., abandoned iron mine pits in NLF ecoregion are dominated by increasing water
clarity; Shallow | akes along Lake Superior
water clarity). Smaller lakes (< 60 ha) had a greater fraction of lakes (58%) with
decreasing water clarity than larger lakes (> 60 ha; 53%) (F&brb ) . Lake fitype:
information was available for 88% of the lakes identified as having trends. Lakes
identified as shallow Atype 20, Atype 30 a
perentages (100, 79, and 70%, respectively) of decreasing water clarity than increasing
water clarity than t he de85ceThesé@ttendp ®1ggesd we't
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, futunestwduld
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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.
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Figure 3.5 a.Map of water clarity trends. The blue dots indicate lakes with improving
water chrity 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 decreasinglaster c
trends in red. b. Trends by lake size. c. Trends by lake type.

At the ecoregion level 282% 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 (Figure3.5a). 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, andless 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 lahuse 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 Spdial and Temporal Analyses: Survey Lakes

For the survey | akes we explored how we
as a whole, how the lake classes are distributed throughout the state and how water clarity
varies with depth, lake area, and alk#ji.

To determine whether the survey lakes are representative of all Minnesota lakes
we compared the size class distributions of all |{kegure 3.6)n the state and the
survey lakegFigure 3.7) It is apparent that small lakes, which constitute ~60%

Minnesota lakesare 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 (Tald& and Figured.7). This analysis indicas 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 populatiReterson et al., 1999nsofar as

we are only comparing different types of lakes within thisskat, the survey lake
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database actually is better for our purpose because the lake area 3Hparael depth
classes (Figurd.8) are fairly equally represented. As for lake class distribution, lakes of
all size classes and shallow lakes are well thisted throughout the state while medium

and deep lakes occur more in central and northern Minnesota (Bi@ure

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 40 20.2 101 390 10.2 135 147
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Figure 3.6 Distribution of Minnesota lakes by lake size class and ecoregion.
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Figure 3.7 Distribution of survey lakeBy lake size class and ecoregion.
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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 andcoregion level to determine whether these variables contributed to
differences in water clarityl o distinguish general patterns we focused on values in the

typical range (28-75" percentile) At the statewide level, some significance differences
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