10

15

20

25

Response of water temperatures and stratification to changing climate
in three lakes with different morphometry
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Abstract. Water temperatures and stratification are important drivers for ecological and water quality processes within lake
systems, and changes in these with increases in air temperature and changdspeeds may have significant ecological
consequence3.0 properly manage these systems under changing climate, it is important to understand the effects of increasing
air temperatures and wind speed changes in lakes of differens@eptisurface arealn this study, we simulate three lakes

that vary in depth and surface area to elucidate the effetie abservedncreasing air temperatures and decreasing wind
speed on lake thermal variables (water temperature, stratification dates, strengtHicdtstratand surface heat fluxes) over

a century (191:2014). For all three lakessimulations showed thapilimnetic temperatures increased, hypolimnetic
temperatures decreased, the length of the stratified season increased due to earlier stratifsedtand later fall overtyrn
stability increased, and longwave and sensible heat fluxes at the surface indbe@sall,lake depth influences presence of
stratification, Schmidt stability and differences in surface heat fluxhile lake surface aseinfluencesdifferences in
hypolimnion temperature, hypolimnetic heating, variability of Schmidt stability, and stratification onset and fall ovaesirn d
Larger surface area lakes have greater wind mixing due to increased surface morGhmat® peturbations indicate that
thelargerof our studylakes have more variability in temperature and stratification variablegttbamaller lakes, anthis
variability increases with larger wind speeé®r all study lakes, Pearson correlations and climatéughation scenarios
indicate thatwind speed plays kargerole on temperature and stratification variables, sometimes greater than changes in air
temperature, andind can act to either amplify or mitigate the effect of warmer air temperatures orhtakeat structure

depending on the direction of local wind speed changes.

1 Introduction

The past century has experienced global changes in air temperature and wind speeddl@rehn surface temperature
anomalieselative to 19641990increasedrom 1850to 2012(IPCC, 2013)Mean emperature anomaly across the continental

United States has increasf@dansen et al., 201@nd studies suggest thabra intense and longer lasting heat waves will
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continue in the futurédMeehl and Tebaldi, 2004Additionally, global change in wind speed has been bggnous For
example, wintertime wind energy increased in Northern Euf@per et al., 2005)ut other parts of Europe have experienced
decreases in wind speed in part due to increased surface rou@fengtssd et al., 201QWwhile modest declines in mean wind
speeds were observed in the United St@B¥eslow and Sailor, 20025imilarly, onregional scalesMagee et al(2016)
showed a decreaseMudison, Wisconsimvind speeds after 1998utAustin and Colman2007)found increased wind speeds

in Lake SuperiorNorth America.Significant changes to air temperature and wind speed observed in the contemporary and
historical periods are likely to continue to change in the future.

Lake water temperature is closely related to air temperature and wind speeanlifstndieiave mainly focused on warming

air temperatures, showingcreasecepilimnetic water temperaturégsDo bi esz and Lester, 2009;
etal., 2015; Shimoda et al., 2011)creased strength of stratificati@dadley et al., 2014; Rempfer et al., 201olonged
stratified periodFicker et al., 2017; Livingstone, 2003; Woolway et al., 20,0@ajl altered thermocline deptBchindler et

al., 1990) However, lypolimnetic temperatures have undergev@ming, cooling, and no temperature incre@aatcher et

al., 2015; Ficker et al., 2017; Magee et al., 2016; Shimoda et al.,.2Bit)speed o strongly affectlake mixing(Boehrer

and Schultze, 2008kake heat transféBoehrer and Schultze, 2008; Read et al., 204r) temperature structyf@esai et al.,
2009; Scindler et al., 1990)Stefanet al.(1996)found that decreasing wind speeds resulted in increased stratification and
increased epilimnetic temperatures in inland lak&smilarly, Woolway et al.(2017a)found that decreasing wind speeds
increased days of stratification for a polymictic lake in Eurtpeake Superiombservations show that the complex nonlinear
interactions among air temperature, ice cover, and water tataperesult in water temperature increggesstin and Allen,

2011) contrary to the expected decreases in water temperature from increased win@psagad al., 2009)n recent years

our understanding ohe effects of air temperature and wind speed on changes in water temperature and stratification has
improved(Kerimoglu and Rinke, 2013; Magee et al., 2016; Woolwagl.eR017a)butresearch intdhe response of lakes to
isolated ad combined changes in air temperature and wind shasdbeen limited

Changes in lake water temperature influelad® ecosystem dynami¢lacKay et al., 2009)For example, increasing wate
temperaturesnay changelankton community composition and abunda(Riee et al., 2015)alter fish populationfLynch

et al.,, 2015) and enhance the dominance of cyanobact{gibank et al., 2008)Such changeaffect the biodiversity of
freshwater ecosystem®lantykaPringle et al., 2014)urthermore, increased thermal stratification of lakes can intensify lake
anoxia(Ficker et al., 2017; Palmer et al., 201dcreasebloomforming cyanobacteri@Paerl and Paul, 201,2andchange
internal nutrient loading and lake productiviBicker et al., 2017; Verburg and Hecky, 200@ariations in water temperature

impact the distributiorhehaviour community composition, reproduction, and evolutionary adaptations of orggiilsomas
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et al, 2004) Improved understanding of response of lake water temperatures and ecosystem response to air temperature ar

wind speed cabetterpreparananagement, adaptation, and mitigation efftots range ofakes

Lake morphometrgomplicateghe reponse ofake water temperatures to air temperature and wind speed chergese it
altersphysical processes of wind mixing, water circulation, and heat stofaigian et al., 2009)Meandepth, surfacarea,
and volume strongly affect lake stratificati@Butcher et al., 2015; Kraemer et al., 2015 rge surface areas incseathe
effects of vertical wind mixing, an important mechanism for transferring heat to the lake fRtteda and Schladow, 2009)
andchanges in thermocline dedtiom warming air temperaturesay be dampened in large lakes whtiermocline deptis
constrained byake fetch(Boehrer and Schultze, 2008;aintyre and Melack, 2010)ake size has been demonstrated to
influence the relative contribution of wind and convective mixing to gas traffi&fed et al., 2012and lake size can influence
the magnitude of diurnal heating and cooling in laf#&®olway et al., 2016)which both have implications faalculating
metabolism and carbon emissions in inland waidmdgerson et al., 2017yVinslow et al.(2015)showed that differences in
wind-driven mixing may explain the inconsistent response of hypolimnetic temperatures between small and large lakes.
Previous research effts have investigated the response of individual [@Keatilainen et al., 2014and the bulk response of
lakes in a geographic region to changing clinteillin, 2010; Magnuson et al., 1990but few studies have focused on
elucidating theeffectsof morphometry, specifically lake depth and surface area, on chamdgleei water temperature in

response to lonterm changes in air temperature and wind speed.

The purpose of this paper is to investigate hgponseof water temperatures and stratification in lakes with different
morphometry (watedepth and surface eg) to changing air temperature and wind spéexido this, we employ an existing
onedimensional hydrodynamic lakee model to hindcaswater temperatures for three lakes with different morphometry.
These lakes vary in surface area and depthaamdhedny (<30 km distance) to experience similar dailymate conditions
(air temperature, wind speed, solar radiation, cloud cover, precipitation) oveertheyperiod(1911-2014). By examining
three lakes in the same ecoregion with similar climate forairggaim to elucidate differences in responses that relate to
morphometry rather than climatic variablesng-term changes in water temperatwstatification,heat fluxes, and stability
areused toinvestigatehow lake depth and surface area alter response othermal structureéo air temperature and wind

speed chages for the three study lakes.
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2 Methods
2.1 Study sites

Three morphometrically different lakes, Lake Mendota, Fish Lake, and Lake Wingra, located near Madison, Wisconsin, United
States ofAmerica (USA), were selected for this study. These lakes are chosen for (i) their morphometry differences, (ii) their

proximity to one another, and (iii) the availability of loitgym datafor modelinput andcalibration.

Lake Mendota (43°6' N; 89°24'\\Eig. 1la; Table 1), is a dimictic, eutrophic, drainage lake in an urbanizing agricultural
watershed (Carpenter and Lathrop, 2008). The lake stratifies during the summer, and typical stratification periods lasts frorr
May to SeptembeSummen(1 June- 31 August) mean surface water temperature is 22.4 °C, and hypolimnetic temperatures
vary betweeri1°C to 15 °C. Normabecchi depth during the summer is 3.0 meters (Lathrop et al., 1996). Fish Lake (43°17'N;
89°39'W; Fig 1b; Table 1) is a dimictic, eutrophidyalow seepage lake located in northwestern Dane County. From 1966 to
2001 lake levelrose by 2.75 meterhue toincreased groundwater flow from higher than normal regional groundwater recharge
(Krohelski et al., 2002)Krohelski et al. (2002) hypothesiz¢hat the increase in recharge may be the resuhaéased
infiltration from snowmelt after increased snowfall and less-frogered soilSummer stratification lastsom the beginning

of May to midSeptember. Mean surface water temperature 23.9°C and hypolimnetic temperatures are normally near 8°C
during summer mahs; however, some years reach temperatures of ®8lyC in the hypolimnion due to shortened spring
mixing durationsAverage Secchi depth during the summer months is 2.4 m. Lake Wingra (43°3' N; 89°26' W; Faple

1) is ashallow, eutrophic, draage lakelt stratifies on short timescales of hours to wefisura et al., 2016)but does not
experienced gstained thermal stratificatio®ummemean water temperature is 23.980d mearsecchi depth is 0.7 meters.

All three lakes have ice cover during winter months, and a description of ice on the lakes can be found in Magee and WL
(2017)

2.2 Model description

To hindcast water temperature and stratification in the three study lakes we uedittad heat transfer modddYRESM-

WQ (DYnamic REservoir Simulation Mod&V/ater Quality Hamilton and Schladow, 1987which enploys discrete
horizontal Larangian layers to simulate vertical water temperature, salinity, and densityingith including inflows,
outflows, and mixingImberger et al., 1978Yhe model has been previously used on a variety of lake types and is accepted
as a standard for hydrodynamic lake model(i@gl et al., 2003; Hetherington et al., 2015; Imberger and Patterson, 1981; Kara
et al.,, 2012; Tanentzap et al., 200D)YRESMWQ adopts a ordimensional layer structure based on the importance of

vertical density stratification over horizon@d¢nsity variations. A ondimensional assumption is based on observations that

4
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thedensity stratification found in lakes inhibits vertical motions while horizontal variations in density relax due to hiorizonta
advection and convectig@ntenucci and Imerito, 2003; Imerito, 201@urface exchanges include heating dushtartwave
radiation penetration into the lake and surfacexdb of evaporation, sensible heat, long wave radiation, and wind stress
(Imerito, 2010) Surface layer mixing is bagdeon potential energy required for mixing, and introduction of turbulent kinetic
energy through convective mixing, wind stirring, and shear miilimgrito, 2010; Yeates and Imberger, 20Q3yer mixing
occurs when the turbulent kinetic enef@KE), stored in the topmost layers, exceeds a potential energy thréghatdsand
Imberger, 2003)To represent convective overturn, layers are checkeihgtabilitiesresulting from surface cooling, and if
they exist, layers are merged and a fraction of the potential energy releasetbasmilable as TKETo represent wind
stirring, wind stress is calculated from the wind spaad TKE is produced in the uppermost layer. Upper layers will mix with
lower layers ifTKE is greater than the energy required for mixing. Mixing by shear flow is determined by calculating the mean
horizontal velocity of tte uppermost layer, whicls dependent on the critical wind speed and the shear p&gades and
Imberger(2003)improved performance of the surface mixed layer routine within the model by including an effective surface
area algorithnbasen observations irife lakes of different size, shape, and wind forcing character{stesEq 32 ilYeates

and Imberger, 2003hat reduced surface mixing in smaller, more sheltered Idlkeseffective area is used modify the
transfer ofmomentum from surface stress, as described in detail ineéesatd Imberger (2003) and not reproduced Hereir
analysis developed a strong inverse relationship between the Lake number awitéakeerage vertical eddy diffusion
coefficient which configures apseudo twedimensional deemixing within the codefound to significantly improve the
simulation of thermal structures observed in lakes that experienced strong wind (¥eatgs and Imberger, 2008)etails

of the surface mixed yer algorithmare not reproduced here, lm#n be found in Eq 234 of Yeates and Imberger (2003)
Hypolimnetic mixingis parameterized through a vertical eddy diffusion coefficient, waadountdor turbulence created by

the damping of basiscale intemal waves on the bottom boundayd lake interio(Yeates and Imberger, 200®)etailed
equationon the simulation of water temperature and mixing can be found in Imberger and Pdtt88ignmerito (2010),

and Yeates and Imberg@003)

Sediment heat flux is included as a source/sink term for emctel layer A diffusion relation from Rogers et al. (1995) is

used to estimatesgy heat transfer from the sediments to the water column
n + = (€
where Ksed represents the sediment conductivity with a value of 1.2%@™(Rogerset al., 1995)and dT/dz is estimated

as:

- — )
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where dT/dz is the temperature gradient across the sedwader interface,  is the water temperature adjacent to the
sediment boundary,s is the distance beneath the watsediment interface avhich the sediment temperature becomes
relatively invariant, and is taken to be 5(Birge et al., 1927)Ts derived from Birge et al. (1927) and seasonally variant as

follows:
Y oo (OEF—— 3

where D is the number of days from the stdithe year and TD is the total number of days within a year.

The ice comppent of the model, DYRESMVQ-I, is based on théareecomponenMLI model of Rogert al, (1995), with

the additions of twaway coupling of the hydrodynamic and ice models amktlependent sediment heat flux for all
horizontal layersThe model assumes thagttime scale for heat conduction through the ice is short relative to the time scale
of meteorological forcindPaterson and Hamblin, 1988; Rogers et al., 19@6) assumption which is valid with a Stefan
number less than O(Hill and Kucera, 1983)I'he threecomponent ice model simulates blue ice, white ice, and snow thickness
(see Eg. 1 and Fig. 5 of Rogers et al., 1995). Eurtlescription of the ice model can be found in Magee €2@1.6)and
Hamilton et al(in review) Details on ice cover simulations in response to changing climate for the three lakes can be found
in Magee and W2017)

Model inputs includelake hypsography initial vertical profiles for water temperature and mi&i, Secchi depth,
meteorological variables, and inflows/outflows. The model calcaithtesurface heat fluxes using meteorological variables:
total daily shortwave radiation, daily cloud cover, air vapor pressure, daily average wind speed, air teem@erdtu
precipitation Water temperature, water budget, and ice thickisesdculated al hrtimestepsSnow ice compaction, snowfall
and rainfall componen@reupdated at a daily time step, corresponding to the frequency of meteorological dat€lmywit.
cover, air pressure, wind speed, and temperatege@assumed constant throughout the day, and precipit&iassumed
uniformly distributed. Shortwave radiation distribution throughout theislagmputed based on lake latitude and the Julian
day (Antenucci and Imerito, 2003Paraneters relevant to the open water period are provided in Table 2. Ice cover model
parameters can be found in Hamilton et(al.review) Magee and W2017) and Magee et al(2016) During the entire
simulation period, alinodelparameters and coefficierasekept constantSimulations were rufor all three lakesstarting on

7 April 1911 and ending on 31 October 2014 without termination.
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2.3 Data
2.3.1 Lake morphometry

Height (m), area (m2), and volume (m3) which describe the hyposgraphic curves for each lake were calculated using

bathymetric maps of eachle from the Wisconsin DNR.

2.3.2 Initial conditions

Initial conditions for each lake include a temperature and salinity profiles for the first days of the simulations. For Lake
Mendota, initial conditions were obtained from the NOTER database on thé&dt day of simulation. FoFish Lake and
Lake Wingra, initial conditions after ice off were unavailable for 1911, and were assumed to be the average of all available

initial conditions for the lake from £7 days of the Julian start date for all yearavattable data.

2.3.3 Light extinction coefficient

Seasonal Secchi depthghin each yeawere used to determine the light extinction coeffigdrdathrop et al(1996)compiled
Secchi depth data for Lake Mendota between 1900 and 1993 (1701 daily Secchi depth readings frordafOyeaks), and
summarized the data for six seasonal periods: winteofide iceout), spring turnover (iceut to 10 May), early stratification
(11 May to 29 June), summer (30 June to 2 September), destratification (3 September to 12 Octobdnumuddal(13
October to iceon). After 1993, Secchi depttege obtained from thiorth Temperate Lake Long Term Ecological Research
(NTL-LTER) program(https://portal.lternet.edu/nis/home.j9p@pen water and undéce Secchi depths were collected for

various longterm ecological research studies, including the NLTIER study, and used here to better characterize temperature
profiles throughout the year including under ice co$erchi depth datar Fish Lake and Lake Wingra were available only
from 1995 to the present and collected from the NCTER program.For years with no Secchi data, the leéegn mean
seasonal Secchi deptivereused.There is no significant long term trendyiearly averagd operwater Secchi depth values

for any of the three lakekight extinction coefficientsvere estimated frorSecchi depth using the equatioom Williams et

al. (1980}

et ® 4)

whereky is the light extinction coefficient arwis the Secchi depth (m).
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2.3.4 Meteorological data

Meteorological data usetb hindcast the historical periambnsisted of daily solar radiation, air temperature, vapor pressure,
wind speed, cloud cover, rainfall, and snowfall over a period of 104 years from 1911 to 2014. Air temperature, wind speed,
vapor prasure, and cloud cover were computed as an average of the whole day, while solar radiation, rainfall, and snowfall
were the daily totals. Meteorological data was gathered from Robe(1€989) who compiled a continuous daily
meteorological datet for Madison Wisconsin from 1884 to 1988 by adjusting for changes in site location. Appended to this
datasets data from the National Climate Data Center weather station at the Dane County Regional Airport. All data other than
solar radiation can be obtaindm http://www.ncdc.noaa.goyfor Madison (MSN), and solar radiation can be obtained from
http://www.sws.uiuc.edu/warm/weatheddjustments to wind speed warade based on changes in observational techniques
occurring in 199¢McKee et al., 2000y compariny data from Dane County Airport with that collected from the Atmospheric

and Oceanic Science Building instrumentation tower at the University of Wisellaslison
(http://ginsea.aos.wisc.edu/labs/mendota/index.hbrejail of this adjustment can be foumiMagee et al(2016)and Hsieh

(2012)

2.3.5 Inflow and outflow data

Daily inflow and outflowdata for Lake Mendota was @lited and described in detail Magee ¢al. (2016). Details of data
collection and gatfilling can be found there and are not reproduced for brevity. Inflow and outflow data for Fish Lake and
Lake Wingra follow a similar process. Inflow and outflow westimated as the residual unknown term of the water budget
balancing precipitation, evaporation, and lake level. USGS water level data from -20@86
(http://waterdata.usgs.gov/wi/nwis/dv/?site_no=05406050&agency_cd=USGS&amp;referred_moyulerssw used to
estimate inflow and outflow from surface runoff and groundwater inflow. For early years of simulation, where lake level
information was not avaitde, the longterm mean lake level was assumed for calculations. Krohelski(208R)determined

that surface runoff accounted for tthurds of inflowing water while groundwater inflow accounted for -timed of total

inflow over the period 1990991. Using these values, we attributed-thviods of the inflowing water as surfaaenoff using

air temperatures to estimate the runoff temperature similar to the method for Lake Mendota in Magee et al. (201:6) and one
third of inflowing water as groundwater inflow using an average of groundwater temperature measuité¢emerings and
Connelly, 2008)For Lake Wingra, wateelel was recorded sporadically during the period of interest, and was assumed to be
the longterm mean lake level for water budget calculations. As in Fish Lake, Laigr&\has no surface inflow streams, with
inflow values attribute@qually to direct prepitation, surface runoff, and groundwater infl@éniffin, 2011). Groundwater

inflow temperatures were estimated using an average of measur¢immigngs and Connelly, 2008nd surface and direc

precipitation were estimated as air temperature


http://www.ncdc.noaa.gov/
http://www.sws.uiuc.edu/warm/weather/
http://waterdata.usgs.gov/wi/nwis/dv/?site_no=05406050&agency_cd=USGS&amp;referred_module=sw

10

15

20

25

30

2.3.6  Observation data

Observation data used for model calibrattamefrom a variety of sources. For Lake Menddtag term water temperature
records were collected from Robertson (1989) and the-NTER (2012b) Ice thickness data were gathered flanBirge,
University of Wisconsin (unpublishedp. Lathrop, Wisconsin Department of Natural Resources (unpublisBeelnart
(1965) and the NTELTER program(2012a) Frequency of temperature data varied from one or two profiles per year to
several profiles for a given week. Additionally, the vertical resolution of the water profiles varied greatly. For Fishd.ake
Lake Wingrawater temperature data wer@lected fromNTL-LTER only from 19962014(2012b)

2.4 Model calibration and evaluation

Model calibration consisted of two processes: (1) closing the water balance to match simulated and observed water levels ar
(2) adjusting the minimum water level thickness to match simulated and observed watenataregefor each lake. Water
balance for all three lakes was closed usingnie¢éhod described in Section 2.3match measured water levels twivn

values and to longerm average water levels when elevation information was unknown. Model evaporation rates were not
validated; we assume that evaporative water flux and heat flux were properly parameterized by the model. Model parameter
were derived from literature vals€Table 2)Within the model, the minimum layer thicknessts the limit for how small a

water layer can become before it is merged wittsthaller of the layer above or below. If the minimum layer thickness is too
large, he model may not have the desired resolution to accurately capture changes in temperature and density that occur ov
small changes in deptfio calibrate this parameteheminimum layer thickness was varied from 0.05 to 0.5 m in intervals

of 0.025 m forthe period 1992000 for all three lakes, similar to the method anentzap et a(2007)and Weinburger and

Vetter (2012) One minimum layer thickness was chosen for all three fak&sep model formulation and piementation

identical among the three lakemd the final thickness was chosen to be 0.125 m as it minimized the overall deviation between

simulated and observed temperature values for the three lakes.

Three statistical measures were used to evaluadelhoutput against observational datalfle 3: absolute mean error (AME),

root mean square error (RMSE), and N&sltticliffe efficiencies (NS) were used to compare simulated and observed
temperature values for volumetricatyeraged epilimnion tempeuse, volumetricallyaveraged hypolimnion temperature,

and all individual water temperature measurements for unique depth and sampling time combinations. Simulated and observe
values are compared directlyxcept foraggregation of water temperature measwgnts to daily intervals where sdhily

intervals are available. Water temperatures were evaluated for the full range of available data on each lake.



10

15

20

25

2.5 Analysis

Modelling results were analysed using linear regression, sequerggland Pearsonelation coefficientlinear regression

was used to determine the trend of ldagm changes in lake variables. Breakpoints in variables were determined using a
piecewise linear regressidiMagee et al., 2016; Ying et al., 201%) sequential test (Rodionos, 2004; Rodionov and
Overland, 2005)vas used to detect abrupt changes in the mean value of lake variables. The variables were tested on data wit
trends removed using a threshold significance level00.05, a Huber weight parameter of h = 2, andtsoff length L =

10 yearsCoherence of lake variablébdagnuson et al., 1990pr each lake and betwedaike pairs was determined with a
Pearson correlation coefficie@aron anl Caine, 200Q)The three lakes were paired to compare coherence of lake variables
with surface area difference (Mendota/Fish pair), depth differences (Fish/Wingra pair), and both surface area and deptt
differences (Mendota/Wingra). Additionally, tempena&t stratification, and heat flux variables for all three lakes are
correlated to air temperature and wind speed drivers, ice date and durations, and to temperature, stratificationuand heat fl

variableswithin each lake

To determine the sensitivityf lake water temperature and stratification in response to air temperature and wind speed, we
perturbed these drivers across the rangd@fC to +10°C in 1°C temperature increments and 70% to 130% of the historical
value in 5% increments, respectivaior each scenario, meteorological inputs remained the same as for the original simulation
and snowfall (rainfall) conversion if the air temperature scenarios increase (decrease) above 0°C. Similarly, the water balan
and water claritgremaintained sthat the longtermvaluesin both lakes matches the historical recdrdis limits our analysis

as itmay exclude changes in water temperatures as a result of increased evapotranapira@sed precipitatioror altered

water clarityunde future climate scenariognflow temperatures are recalculated for each lake to account for increases or

decreases in temperaturecause odir temperature changes.

3 Results
3.1 Changes in air temperature and wind speed

Y early average air temperatu(e.145C decadg; p<0.01);and seasonal air temperatufenter: +0.225C decadg; spring
+0.165C decadd; summer +0.08C decad®d; fall +0.110C decad®; p<0.05) increasedfrom 1 9111 20.124 ( Fi
Additionally, yearly average air temperatulrit not seasonal temperaturgsywed a significant change in slope occurring in
1981based on a breakpoint analyaisdF test at a 0.05 significance levellagee et al. 2016and sumrar air temperatures

showed three significant abrupt changes in mean value (Figr @aly (-0.073 m & decad#; p<0.01)and seasonal average

10
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(winter:-0.083m s* decadé; spring-0.071m s* decadé&; summer:0.048m s! decad#; fall: -0.088m s decadé; p<0.01)

wind speed decreased froh911-2014 (Fig. 2b)A change in air temperatures also occurred in the 1980s in Central Europe
(Woolway et al., 2017h)which may indicate that change in air temperature were a global phenomenon rather than local
occurrencesSignificant shifts p<0.01) in the mean occurred in the rmioheties for all seasons, but there were no changes in

rate of wind speed decreases.

3.2 Modelevaluation

Simulated temperatures agreed well with observations for all three lakes (Fahl8,3. The model was validated with all
available data for alltere | akes duri ng ®AMEandRMSE far dll vari&bled we2z folv 4nd less than
standard deviationd\S efficienciesof the daily time basewere high £0.85) and most above 0.90, indicating high model

accuracy.

3.3Summer water temperatures

Lake Mendotaand Lake Wingra had similar increasiapilimnetic water temperatuteends, while Fish Lakbad a larger
increasgTable 9. All three lakes have statisticakygnificant £<0.01) abrupt changes in megpilimnion temperaturesver

the studyperiod. For Lake Mendota, change occurs aft&B30 from 22.09 °Go 22.99°C. For Fish Lakdhree changes were
detectedfirst after1934from 21.68C to 22.50C, after 1995 from 22.51 to 24.26C, after2008 from 24.26C to 22.14C.

Lake Wingra has aabrupt change aftd930 from 23.13C to 24.02C. These increases in epilimnetic temperatures are similar

to those found for European lak@§¥oolway et al., 2017bin response to regional climate changes, although Woolway et al.
(2017b) demonstrated a substantial increase in annually averaged lake sugateny@ratures in thetéa1980s in response

to an abrupt shift in the climate, which is not apparent in epilimnion water temperatures for our studydidikiesally, Van

Cleave et al(2014)showed a regime shift in JulySeptember Lake Superior surface water temperatures after 1997, driven
by El Nifio in 19971998; however we do not find a similar regime shift in our study lakes, which may be due to geographical

differences in meteorology or morphometric differences from the larger Lake Superior.

Lake Mendota and Fish Lake hypolimnionere def i ned as 207125 m anodntheBrig®l®n m,
bottom depth of the metalimniohake Mendota has a larger decrease in hypolimnetic temperature than Fish Lake (Table 4),
and neither haan abrupt change in temperature nor a signifidareakpoint in linear trend during the study peribiy. 4).
Change in summer (15 Juilyl5 August) hypolimnetic heating was an order of magnitude larger for Mendota than for Fish
Lake (Table 4).

11
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3.4 Stratification and stability

We characterize summetratification bystratification onset, fall overturn, and duration of stratificat{piy. 5). Onset of
stratification and fall turnover were defined as the day when the suddmstom temperature difference was greater than
(for stratification) or lesshan (for overturn) 2°GRobertson and Ragotzkie, 199Dake Wingra experienced only shaerm

stratification (timescale of daygeeks) and is excluded from this analysis.

Lake Mendota has larger trend in earlstratification onset, fall overturn, and stratification duration than Fish Lake (Table 4),
with most of the difference in stratification duration caused by larger change in stratification onset date for Lake Mmndota.

both lakes, a significanp€0.01) shift in onset date occurred at similar times, with shift of 13.3 days earlier for Lake Mendota
after 1994 and 15.1 days earlier for Fish Lake after 1993. No change in trend occurred for stratification onset obowerturn,
stratification duration shiéd from +0.067 days decaddo +4.5 days decadeafter 1940for Lake Mendota and fror0.19

days decadé&to +9.6 days decadefter 1981 for Fish Lake (Fig. 5).

We quantify resistance to mechanical mixing with a Schmidt nuiidien, 1973) Lake Mendota showed greater stability in
general than Fish Lakgig. 6)and had a larger trend of charthan Fish LakéTable 4) possibly due to a larger change in
stratification and hypolimnion temperature, increasing stabilibere was no significant abrupt shift or change in trend for

any of the three lakes during the study period.

3.5 Surface heat flixes

Modelled surface heat fluxes included net shortwave, net longwave, sensible heat, latent heat, and total t{ead. fidxes
Magnitude of shortwave, longwave, and sensible heat fluxes are similar for all three lakes, but Lake Wingra has a larger
magnitude of both latent and net heat fluxBi®t longwave is negative for all three lakes and increased in magnitude (Table
4), and sensible heat flux decreased in magnitude (became less negative; Tididee4¥. no significant trend in other surface
heatflux variables Lake Wingra has a much smaller change in trend for longwave radiation than Mendota or Fish, but a larger
change in trend for sensible heat flux, indicating that depth likely influences the response of those heat fluxes ¢éoairremp

and wind speed changes.

3.6 Coherencebetween lake pairs

Pearson correlations for all variables and lake pairs are significant (TaSBlkeds)wave, longwave, sensible, and latent heat
fluxes show high correlation for lake pairs, suggesting that morphypheetiittle impact on variability among lakes. Similarly,

epilimnion temperatures have high temporal coherence. However, Fish Lake pairs have lower correlations, which may be
12
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result of changes to lake depth (Krohelski et al. 2002) compared to stabldevats in Mendota and Wingra. Low coherence
between the Mendota/Fish pair for hypolimnion temperature and stratification dates suggest that fetch differences impac
variability. Stability, however, is lower for pairs with Lake Wingra, indicating thke ldepth plays a role in temporal
coherence of stability. Similarly, Lake Wingra pairs have lower coherence of net heat flux although the coherenceof heat flu
components is relatively high. Depth may be influencing alm@ar response of net heat fltixat isnot presenin the

components of the flux.

3.7 Correlations between lake variables

Generally, direction and magnitude B&arsorcorrelation between lake variables are similar for each of the three lakes,
however, there are some notable except{fig. 8). Ice off dates are significantly correlated with stratification onset dates

and hypolimnetic temperature on Fish Lake, but those correlations do not exist for Lake M8tdtifecation onset is
significantly correlated with hypolimnetic tempgure and stability in Lake Mendota, but not significantly correlated on Fish
Lake. Summer air temperatures are more highly correlated with stability than summer wind speed for Lake Mendota and Fist
Lake, but the opposite is true for Lake Wingra, wheremmamair temperature is not significantly correlated. Additionally,
hypolimnion temperature is more highly correlated with stability in Lake Mendota, whereas epilimnion temperature is more

highly correlated with stability in Fish Lake.

3.8 Sensitivity to changes in air temperature and wind speed

Regonseof simulatedstratification onset, fall overturn, and hypolimnetic temperature to air temperature and wind speed
perturbation scenarios for Lake Mendota and Fish Lake are discussed in the following a0#idesy are omitted for brevity

and Lake Wingra did not experiengmlongedstratification under any sensitivity scenariss are excluded from the analysis

I n our analysis, we refer to the fbas etoricéhpedd from491:20bde met

and refer to perturbations in air temperature and wind speed from that base case.

Stratification onset generally occurs earlier on Figke than Lake Mendotar all scenariogFig. 9. Simulations show that

the responsef median onset dates to changes in air temperattine isame for both increases and decreases from the base
case(-2.0 days °@) for Lake Mendotabut for Fish Lake, the changerisagnitude of change is larger for air temperature
decrease&1.5 days'C* for temperature increases and +2.7 daysfa€ temperature decreases). Variability in Lake Mendota
onset remains consisteatross scenaripdut decreases for Fish Lake as air temperatures increase. This may be from
interaction between ice coverdastratification onset on Fish Lake but not on Lake Mendota. For Lake Mestdatification

onset dates have a larger change for wind speed increases than deehdagg (m$)* for decreases and +10.5 days (m
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s1)1 for wind speed increasgsasdoes Fish Laké-3.6 days (m$)* for decreases and +8.1 days (d)“sfor wind speed

increasep Variability in onset dates decreases with lower wind speeds and increases with higher wind speeds.

Fall overturn typically occurs slightly early on Lakéendota than Fish Lake for all scenar{®$g. 10. For Lake Mendota,
stratification overturn dates change at a rate of +0.68 daysvii@ positive and negative perturbatidngemperature, while

Fish Lakehas a larger change for air temperature ine@®#<.81 days °C for temperature increases aid77 days °C for
temperature decrea3éom the historical condition. Standard deviation in overturn dates decreased slightly for Lake Mendota
as air temperature increase, but remains consistent foL&ke.For stratification overturn dates drmke Mendota, the change

is +13.9 days (my for wind speediecreases and7.1 days (mY for wind speed increases. For Fish Lake, the change is
+16.4 days (m'Y for wind speediecreases an®.5 dass (m sH)* for wind speed increases. Like onset dates, variability in

overturn dates decreases with lower wind speeds and increases with higher wind speeds.

For both lakes, increases in air temperature increase hypolimnetic temperatures, while decwizmsespeed decrease
temperatures (Fig.1). Simulations show that the response of median hypolimnetic temperatures to changes in air temperatures
is consistenfor Lake Mendota (+0.18%poimnion Cair temperature) for both increases and deases from the base cabetnot

so for Fish Lake (+0.25°Gpolimnion Cair temperature fOr air temperature increases arl18 °Giypolimnion Cair temperatura fOr air
temperature decreases). Standard deviations under varying air temperature scemaiiosconsistent for both lakes.
Hypolimnion temperatureshange inconsistently with increases and decreases in wind spbethftakes. For Lake Mendota,

the change is1.1°C (m &) for decreases and +1.8°C (M3 for wind speed increases. FosFiLake, the change i$.2°C

(m sY)* for decreases and +0.8°C (mM)$ for wind speed increases. Variability decreases for lower wind speeds in Lake

Mendota, but remains constant for Fish Lake.

4 Discussion
4.1 Model performance and comparison

The DYRESM-WQ-I model reliably simulated water temperatures over {tamgn (19112014) simulations (Figure Jable

4). Generally, simulated temperatures were lower than observed v8luie®e may be attributed to timing of observations,
which in most instances aacduring midday, when water temperatures may be slightly higher than daily averages, as output
from the model. Slight deviation is also expected due to averaging of air temperature and windrsgeedsal, thermocline
depths were within 1 m of obsexvealues, but some years differ by as much as 2.5 m, contributing additional error in water

temperature comparison for depths near the thermocline.
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The performance of the DYRESM/Q-I model waswithin those ofother studies. Perroud et gR009) performed a
comparison obnedimensional lake models on Lake Geneva, and RMSE for water tempsmatuesas high as 2°C for the
Hostetler mode(Hostetler and Bartlein, 1990).7°C for DYRESM(Tanentzap et al., 20072°C for SIMSTRAT, and 4°C

for Freshwater Lake (FLake) mod@&olosov et al., 2007; Kirillin et al., 201 imilar to this study, errors in the uppayers

were lower than those in the bottom of the water col@®@rroud et al., 2009Fang and Stefa(l996)gave standard errors

of water temperature of 1.37°C for the open water season and 1.07°C for the total simulation period for Thrush Lake, MN,
similar to those hereNashSutcliff efficiency coefficients for all 3 study lakes were within the rarfgesd in Yao et al.
(2014)for the Simple Lake Model (SIM]éhnket al, 2008) Hostetler, MinlakgFang and Stefan, 199&nd General Lake

Model (GLM; Hipseyet al, 2014)for Harp Lake, Ontario, Canada water temperatures.

Model parameters used to characterize the lake hydrodynamics were taken from literature values. These values may k
expected to have small varility between lakes; however, previous studies have shown that many of the hydrodynamic
parameters are insensitive to changes of +{Dé6entzap et al., 200Hlere the model was validated against an independent
dataset for each lake to determine if the model fits measured data and functions adequately, with énrting watinge of

those from other studies. Adjustments were made to limit uncertainty and errors associated with changes in location anc
techniques of meteorological measurements. Inflow and outflow measurements were assessed by the USGS for qualit
assurape and control, but uncertainty for both quantity and water temperature is unknown. The effects of these uncertainties
may not be large as the inflow and outflow are small in comparison to lake volume. The combination of uncertainties in
parameters and obrved data may be high; however, as all parameters and observational methods were kept consistent amon

the three lakes, the validity of the model in predicting differences among the three lake types is adequate.

The main limitation in the model and rethud) simulations is the assumption of edienensionality in both the model and field

data. Quantifying the uncertainty from this limitation can be diffi¢Glal et al., 204; Tebaldi et al., 200583 mall, stratified

lakes generally lack large horizontal temperature gradigmtserger and Patterson, 198ajlowing the assumption of one
dimensionality to be appropriate. However, sherim deviations irwater temperature and thermocline depth may exist due

to internal wave activity, especially in larger lak@anentzap et al., 2007and spatial variations in wind stress can produce
horizontal variations in temperature profil@gmberger and Parker, 1985)o address the role of internal wave activity and
benthic boundary layer mixinghe pseudo twaimensional deep mixing model by Yeates and Imberger (2003) is employed
here. This mixing model has been shown to accurately characterize deep mixing that distributes heat from the epilimnion intc

the hypolimnion thus weakening stratification, and the rapid distribution of heat entering the top of the hypolimnion from
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benthic boundary layer mixing, which strengthens stratificafd@ates and Imberger, 2003)ributary inflows may also
contribute teenhanced diffusion due to inflow momentum; howe\akes$ usedh this studyare seepagdominated lakes with
little to no tributary contribution, sthis phenomenon does not prevent the-dineensional model from being applicable in
this study.This onedimensional assumption here and corresponding model resultaghapply elsewhere for lakes with

large inflow volumes.

Additionally, light extinction significantly impacts thermal stratificatiorHo ¢ ki ng and &nd tight@Ximctob a , 1
estimated from Secchi depths can have a large degree of measurement untentétimgnd Hoover, 2000)vhich may result

in uncertainty in water temperaturd® address this uncertainty, where available, we use measured Secchi depth values, which
has been shown to improve estimates of the euphotic zone xaechefficient§Luhtala and Tolvanen, 2013 ecchi depths

were unavailable for portions of the simulation period, and average values for the season were used. Analysis comparing usin
the method of known Secchi depths to both seasoematlying average Secchi deptirsd constant Secchi depths for the lakes
indicates that seasonaliarying averages do not significantly decrease model reliability when compayedHspecific

values, but do show improvement over constant Secchi depths.

4.2 Importance of wind speedand other variables

While many have addressed the importance of changing air temperatures on water temperatures and wétey.éutian

et al ., 20009; Arhonditsis et al.| 2011) féverhave investigRtedi wind speeé as a a |
specific driver of changes to lak@glagee et al., 201&imura et al., 2016Snortheim et al., 2017However, results here
showthat correlations between wind speeds and lake temperature variables are as high as, or higher than, tetetgions

air temperature and lake temperature variafiés 8), highlighting the importance of considering wind speeds as drivers of
lake temperature and stratification changes. For many variables (e.g. stratification dates, epilimnetic temperatuygs, stabili
correlation is opposite for air temperature and wind speed variables, indicating that wind speed increases may offset the eff
of air temperature increases, while locations with decreasing wind speeds may experience a greater impact on wate
temperatue and stratification than with air temperature increases alone. This is further supported through sensitivity analysis
on stratification onset and overturn (Féggand10), which show that for Madisearea lakes, increasing air temperatures and
decreasingvind speeds have a cumulative effect toward earlier stratification onset and later og#harrstudies have also

found that wind speed can be as importarev@nmore important than air temperature fioituencing lake stratificatioand

water temperares. For exampléaNoolway et al.(2017a)found that for polymictic Lake V&rtsjarwind speed is the key

factor on the number of stratified days atige influence of air temperature increases was miniraallts of Kerimoglu and

Rinke (2013) which found thatt 30% increase in wind speed can compensate up to a 5.5 K increase in air temp@icture
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Hadley et al.(2014) which suggest that the combination of increased air temperaturédeanshsed wind are the primary
drivers of enhanced stability in Harp Lake since 1%8hough no significant change in the timing of onset, breakdown, or
duration of stratification was observddowever, for hypolimnetic temperatures, correlations anditeity indicate that
decreasing wind speeds may cool hypolimnetic temperatures, while increasing air temperatures warm hypolimnetic
temperaturedirvola (2009)showed that hypolimnion temperatures were primarily determined by the conditions that pertained
during the previous spring turnovand timing of stratificabn onset which is consistent with our results showing significant
(p<0.01) correlation between hypolimnion temperatures and wind speed (Fig. 8), but no significant correlation with air
temperature or summer conditioihis could explain the conflictingesults of previous research showing both warming and
cooling trends in different lakg§&erten and Adrian, 2001hlindcasted hypolimnion temperatures (Fig. 4) show decreasing
trends for Lake Mendota and Fish Lake. Combining the effects of air temperature and wind spggésts that wind speed
decreases are a larger driver to hypolimnetic water temperature changes than increasing air temperatures forThosh lakes.
is particularly notable as current research into changes in lake water temperature and stratificativeen dominated by

studying air temperature effects to the neglect of the role of wind speed changes.

Ultimately, lake warming or cooling may depend on the magnitudes and directions of changes of air temperature, wind speed
and other variableas dimatic variableshumidity, cloud cover, and solar radiatiand water clarity variables are important in
determining lake water temperatur&hmid and Kostef2016) demonstrated that 40% of surface water warming in Lake
Zurich was caused by increased solar radiation, andeWfillet al.(2006)showed that daily estma of surface equilibrium
temperature responded to shifts in wind speed, relative humidity, and cloud cover in addition to changes in air temperature
However, neither study looked at lakes with seasonal ice cover, which may not account for chaaggeegt formation and

the resulting influence on lake water temperat@festin and Colman, 2007pther studies havdemonstrated that ice cover
changes do not directly influence summer surface water temperéfhieyy et al., 2016)n agreement with our modelling

results (Fig. 8)Changes in underwater light conditions from irsed dissolved organic carbon concentrations combined with
reduction in surface wind speeds can result in cooling wlaslke average temperatures despite substantial air temperature
increases, as was the case for Clearwater Lake, Cé&hadantzap et al., 2008)Vater clarity has seen both increasand
decreases si n¢Rosetkthale 20&73vithlprecipitafof Playiag a critical role in yeto-year variability(Rose

et al., 2017)Further investigation into theombined effects of thesdimatic and lakespecificvariables is warranted.
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4.3 Role of morphometry on water temperature and stratification
4.2.1 Lake depth

Lake depth plays a key role in determining thermal structure and stratification of the tieealttks study. Even under the
extreme increases in air temperature, Lake Wingra remained polymictic and did not become dimictic like Lake Mendota or
Fish Lake Additionally, Schmidt stability exhibited no trend on the shallow lake, unlike for the déepdiable 4). Due to

lower heat capacity, shallow lakes respond more directly to-grontvariations in the weath@rvola et al., 2009)and heat

can be transferred throughout the water column by wind miiiipes et al., 2011)This was particularly evident in
correlations among drivers and lake variablesere air temperature did not have a significant correlation with stability for
Lake Wingra, but wind speed was highly correlated. For shallow lakes, wind speed may be a larger driver to temperature
structure and stability, with the importance of air temapge increasing with lake depth. Deep lakes have a higher heat
capacity so that greater wind speeds are required to completely mix the lake during the summer months, resulting in mor
temperature stability and higher Schmidt stability values for deegdar Mendota and Fish Lakeur study is consistemiith

previous research showingean lake depths can explain the most variation in stratification trends and lakes with greater mean
depths have larger changes in their stabjiisaemer et al., 2015PDverall, Lake Wingra had a larger magnitude of latent and

net heat fluxethan the deeper lakes. Dnal variability in surface temperatures is larger for shallow lakes, promoting increased
latent heat fluxes in these lak@®00, 2007) This increased response may also explain the larger change in trend for sensible
heat flux since Bke Wingra responds more quickly to changes in air temperature, thus, have a larger change in sensible hea
flux during each day. Interestingly, retat flux of Lake Wingra is less coherent with the deeper lakes than the deep lakes are
with each other. Tis may be due to the combination of more extreme temperature variability, increasing sensible and latent
heat fluxes during the open water season and the lower sensitivity of ice cover duration in Lake Wingra compared to the deepe
lakes(Magee and Wu, 2017)ce cover significantly reduces heat fluxes at the suif#aieila et al., 2009; Leppéaranta et al.,

2016; Woo, 2007)and larger changes in ice cover duratior_fike Mendota and Fish Lake compared to Lake Wingra would

reduce synchrony of heat fluxes among the three lakes.

4.3.2Surface area

Lake surface area impacts the effects of climate changes on water temperatures and stratification. Air temperature i
significantly correlated [§<0.01) with epilimnion temperature for all three lakes, as is wind spped.@5).Increasing air
temperatures are well documented to increase epilimnetic water tempe¢haiviregstone, 2003; Robertson and Ragotzkie,

1990) since air temperatuirives heat transfer between the atmosphere andBalahrer and Schultze, 2008almer et al.,

2014) However, wind mixing can act as a mechanism of heat tra(idfigres et al., 2011pandcool the epilimnion through
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increased surface mixddyer deepeningdecreasing wind speeds may increase epilimnion temperatures above that from air
temperature increases alone (Fig. 8). Surface area plays a role “widgkaverage vertical heat fluxes from boundary
processe$Wilest and Lorke2003) and the model accounts for this by including an effective surface area algorithm to scale
transfer of momentum from surface stress based on lake surfacg/aetas and Imberger, 2003)his increases transfer
momentum from surface stgand vertical heat transfer for lakes with larger fedclkounting for thidarger fetch increases

mixing and vertical transfer of heat to bottom waters, reducing epilimnion water tempe(Bngbser and Schultze, 2008)

and increasing the rate of lake cooliipges et al., 2011For this reason, Lake Mendota with the large fetch experiences a
smaller increase in epilimnetic water temperature compared to Figh(Tabkle 5)Additionally, momentum from surface

stress scales linearly with lake area and-imeeaidy with wind speedYeates and Imberger, 200%e Eq. 31 and B3making
momentum fron surface stress, and thus, mixing, stratification, and hypolimnion temperatures more variable for lakes with
larger fetch and even more variable whendsspeed is increased (see Fig.19. Greater variability in momentum and mixing
corresponds to largerariability of Schmidt stability for Lake Mendota, with the larger surface area. Greater transfer of
momentum in Lake Mendota results in the slightly deeper thermocline for the larger surface area lake (~10 m in Lake Mendote
and ~6 min Fish Lake), whichay play a role in filtering the climate signaltaiimypolimnion temperatures. Low hypolimnetic
temperature coherence between Mendota and Fish suggest that lake morphometry plays a role. This result is consistent wi
other studies that show lake morphdrpgarameter affects the way temperature is stored in the lake sfdtempson et

al., 2005) Increased momentum on Lake Mendota from the larger surface area may also limjiabeof ice off dates on
stratification onset and hypolimnetic temperatures because the lake has ample momentum to sustain mixing events regardle
of ice off dat es, whil e Fi sh L ak e-6ffsdates ramad|stratifisadin mbra kighly ar e a
correlated.

5 Conclusion

The combination of increasing air temperatures and decreasing wind speeds in Maelisteikes resulted in warmer
epilimnion temperatures, cooler hypolimnion temperatures, longer stratification, increased ,staloilgyeater longwave and
sensible heat fluxetncreased stratification durations and stability may have lasting impacts on fish popyfations 2002;

Jiang ¢ al., 2012; Sharma et al., 201d)d warmer epilimnion temperatures affects the phytoplankton comngErétycis et

al., 2014; Rice et al., 2015%hallow lakes respond more directly to changes in climate, which drives differences in surface
heat flux compared to deeper lakes, and wind speed may be a larger driver to temperature structure thamataireemptn
importance of air temperatures increasing as lake depth increases. Larger surface area lakes have greater wind mixing, whi

influences differences in temperatures, stratification, and stability. Climate perturbations indicate that kesgeaMakmore

19



variability in temperature and stratification variables than smaller lakes, and this variability increases with greaperasimd

Most significantly, for all three lakes, wind speed plays as large as, or a larger role in temperatuegificatiotr variables

than does air temperatures. This revéladg air temperature increases are not the only climate variable that managers should
plan for when planning mitigation and adaptation techniques. Previous research has shown uncertaiotyamyéein
hypolimnion water temperatures for dimictic lakes, however the perturbation scenarios indicate that while increasing air
temperature always increases hypolimnion temperature, wind speed is a larger driving force, and the ultimate hypolimnion
temperature response may be primarily determined by whether the lake experiences an increase or decrease in wind spee
Understanding this role in the context of three lakes of differing morphometry is important when developing a broader
understanding of he lakes will respond to changes in climate. Lake water temperatures play a driving role in chemical and
biological changes that may occur under future climate scenarios, and identifying differences in this response acndlss lakes w

aid in the understandjrof lake ecosystenandprovide critical information to guide lake management and adaptation efforts.
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Table 1:Lake characteristics for the three study lakes

Lake Mendota Fish Lake Lake Wingra
meandepth (m) 12.8 6.6 2.7
maximum depth (m) 25.3 18.9 4.7
surface area (ha) 3937.7 87.4 139.6
shoreline length (km) 33.8 4.3 5.9
lake fetch (km) 9.2 1.2 2.0
shoreline development high high high
landscape position low high high
Secchi depth (m) 3.0 2.4 0.7
chlorophyll (ng L%)° 4.8 5.1 10.5
dissolved organic carbon (ug tH)® 5.71 6.95 7.01
lake type Drainage Seepage Drainage
groundwater inflow type discharge flowthrough flowthrough
groundwater input (%) 30 6 35

* Secchi depth measured from 1 Jirgl August

Oéurface clorophyll from open water season

@ dissolved organic carbon is the average of all measurements for each lake
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Table 2: DYRESM-WQ-I model parameters Ice cover parameter can reference Magee et al. (2016) and Magee and Wu (2016).

Parameter Value
abedo 0.08"
bulk aerodynamic momentum transport coefficient 0.00139
critical wind speed (mY 4.30
effective surface area coefficient{m X107
emissivity of water surface 0.96"V
potential energy mixing efficiency 0.2%i
shear productio efficiency 0.06" i i
vertical mixing coefficient 200’
wind stirring efficiency 0.8f
minimum layer thickness 0.125
maximum layer thickness 0.6"
vertical light attenuation coefficient variable"

* indicates value calibrated in the mdde

sources! Antenucci and Imerito2003 "Tanentzap et al., 2007 Yeates and Imberger, 2009mberger
and Patterson, 1981Williams et al., 1980
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Table 3: Absolute mean error (AME), root-mean square error (RMSE), and NaskSutcliff efficiency (NS) for water temperature variables on Lake
Mendota, Lake Wingra, and Fish Lake. n = number of measurements, N/A represents errors that cannot be determined &ese Lake Wingra is a
polymictic lake and does not have an epilimnion or hypolimnion.

Lake Mendota Fish Lake Lake Wingra
Variable n AME RMSE NS n AME RMSE NS n AME RMSE NS

Epiimnetic | 3,539 059 03 009 263 123 145 095 NA NA NA NA
temperature (°C)
Hypolimnetic = | 3539 104 053 096 263 163 194 092 NA NA NA NA
temperature (°C)
temperature at
1m interval (°C) 05 025 095 085 1.98 0.85 0.63 0.4
overall range of | 8% 156 075 099 >°%% 193 242 o091 89 g5 o096 O
values for depths
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Table 4: Trends and in lake physical variables for the 3 studied lakes from 1932014. Trends are represented as units
decadel.

Lake Mendota Fish Lake Lake Wingra
Summer Epilimnetic

Temperature (°C) + 0.069° +0.138* + 0.079*
Summer Hypolimnetic . .

Temperature (°C) -0.131 -0.083 N/A
Stratification Onset (days) 1.15 days earliér ~ 0.81 days earlier* N/A
Fall Overturn (days) 1.18 days latér 1.05 days later* N/A
Stratification Duration (days) + 2.68* + 1.8&%* N/A
Hypolimnetic heating (°C) -0.011* -0.0011* N/A
Summer Schmlo_l;[ stability +11.7 +1.44% no trend

number (J m?)

Net Shortwave Flux (W nr?) no trend no trend no trend
Net Longwave Flux (W nr?) -0.585* -0.580* -0.459*
Sensible Heat Flux (W n?) +0.410* +0.365* +0.565*
Latent Heat Flux (W m?) no trend no trend no trend
Net Heat Flux (W m?) no trend no trend no trend

*indicates significant to p<0.0%indicates significant to p<0ulsing a itest
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Table 5: Correlation coefficients for lake pairs of simulated open water lake variables

Lake Pair
Lake Variable Mendota/Fish Wingra/Fish Mendota/Wingra
Epilimnion Tenperature 0.601 0.747 0.804
Hypolimnion Temperature 0.474 N/A N/A
Stratification Onset 0.262 N/A N/A
Fall Overturn 0.388 N/A N/A
Schmidt Stability Number 0827 0.405 0.346
Net Shortwave Flux 0.995 0.925 0.922
Net Longwave Flux 0.993 0.969 0.967
Sensble Heat Flux 0.965 0.887 0.893
Latent Heat Flux 0.989 0.977 0.984
Net Heat Flux 0.722 0.630 0.532
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Figure 1: (top) map of study lakes in Wisconsin, USA and bathymetric maps of each lake, (a) Lake Mendota; (b) Fish Lakeda

(c) Lake Wingra
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Figure 2: Yearly (solid line), winter (open circle), spring (asterisk), summer (solid circles), and fall (cross) (a) air terature and (b) wind speeds for
Madison, WI, USA. Red line in yearly air temperature figure representsa breakpoint in the trend of average air temperature increase from 0.081C
decadel to 0.334°C decade! occurring in 1981. Red lines in summer air temperature figure represents abrupt changes in average summer air temperature
occurring in 1930, 1949, ad 2010. Blue lines in wind speed figures represent abrupt changes in average wind speed occurring in each season and in the
overall yearly wind speeds. Yearly wind speed change in 1994; winter in 1997; spring in 1996; summer in 1994; taildn 1994.
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Figure 3: Comparison of observed and simulated water temperatures for (a) Lake Mendota, (b) Fish Lake, and (c) Lake Wingra.
Each point represents one observation vs. simulation pair with unique date and lake depth.
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