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ARTICLE INFO ABSTRACT

Lakes provide enormous economic, recreational, and aesthetic benefits to citizens. These ecosystem services may
be adversely impacted by climate change. In the Twin Cities Metropolitan Area of Minnesota, USA, many lakes
have been at historic low levels and water augmentation strategies have been proposed to alleviate the problem.
White Bear Lake (WBL) is a notable example. Its water level declined 1.5 m during 2003-2013 for reasons that
are not fully understood. This study examined current, past, and future lake evaporation to better understand
Lake how climate will impact the water balance of lakes within this region. Evaporation from WBL was measured
Eddy covariance from July 2014 to February 2017 using two eddy covariance (EC) systems to provide better constraints on the
i\f:ie}i:;go logy water budget and to investigate the impact of evaporation on lake level. The estimated annual evaporation losses
Water level for years 2014 through 2016 were 559 + 22mm, 779 *= 81 mm, and 766 * 11 mm, respectively. The higher

evaporation in 2015 and 2016 was caused by the combined effects of larger average daily evaporation and a
longer ice-free season. The EC measurements were used to tune the Community Land Model 4 - Lake, Ice, Snow
and Sediment Simulator (CLM4-LISSS) to estimate lake evaporation over the period 1979-2016. Retrospective
analyses indicate that WBL evaporation increased during this time by about 3.8 mm year ~ ', which was driven by
increased wind speed and lake-surface vapor pressure gradient. Using a business-as-usual greenhouse gas
emission scenario (RCP8.5), lake evaporation was modeled forward in time from 2017 to 2100. Annual eva-
poration is expected to increase by 1.4 mmyear™! over this century, largely driven by lengthening ice-free
periods. These changes in ice phenology and evaporation will have important implications for the regional water
balance, and water management and water augmentation strategies that are being proposed for these
Metropolitan lakes.
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1. Introduction

The physical aspects of temperate closed-basin lakes, such as water
level, water temperature, and ice phenology, are highly sensitive to
variations in climate (Adrian et al., 2009; Schindler 2009). Since their
contributing watersheds are often relatively small, streamflow is typi-
cally a minor component of their water balance, which is primarily
controlled by precipitation, evaporation, and groundwater exchange
(Almendinger, 1990; Winter, 1995). Short-term water level change of
closed-basin lakes is most influenced by changes in precipitation and

evaporation (van der Kamp et al., 2008), while the interaction with
groundwater tends to impact lake water level at longer time scales and
acts to dampen seasonal and inter-annual lake level changes (Kirillin
et al., 2013). In general, the water levels of closed-basin lakes are
subject to larger variations than flow-through lakes, and in some cases,
water level can vary several meters within a decade (e.g. Almendinger,
1990; Ayenew and Becht, 2008). Attribution of the cause(s) of such
changes is challenging, since the only data typically available are pre-
cipitation records.

Evaporation is the major sink (loss) term in the lake water budget of
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temperate closed-basin lakes. Better constraints on lake evaporation are
needed to improve our understanding of present, past, and future
changes in water levels. Key results of relevant studies on lake eva-
poration and water budgets for closed-basin lakes are summarized in
Table 1. In most of these studies, lake evaporation has been estimated
using indirect methods such as the Penman or energy balance methods
(e.g. Lenters et al., 2005; Shanahan et al., 2007). Direct measurement of
lake evaporation using the eddy covariance approach has been applied
in relatively few studies. It has been used on several large flow-through
lakes (e.g. Blanken et al., 2000; Blanken et al. 2011; Wang et al., 2014),
but only a few closed-basin lakes (e.g. Li et al., 2016; Wang et al.,
2017). Eddy covariance has relatively few theoretical assumptions and
can reveal detailed physical characteristics of lake evaporation at high
temporal resolution (i.e. hourly), providing important information
needed for the development and optimization of physical models for the
broader study and estimation of lake evaporation (e.g. Granger and
Hedstrom, 2011; Hu et al., 2017).

Lake evaporation is influenced by atmospheric and lake-surface
processes acting at different time scales. At hourly to daily scales, lake
evaporation rate is highly correlated to wind speed over the lake and
vapor pressure difference between the lake surface and the atmosphere
(Blanken et al., 2000; Wang et al., 2017). The mass transfer method
uses these two key variables to estimate lake evaporation (Singh and
Xu, 1997). At daily to weekly scales, evaporation is influenced by sy-
noptic scale patterns, modulated by the significant thermal lag that
results from the high heat capacity of water. For example, cold fronts
bringing cold and dry air over a warm lake in fall can significantly
enhance evaporation (Blanken et al., 2000; Spence et al., 2013). Sea-
sonal variation in evaporation is mainly forced by changes in net ra-
diation and the air-lake temperature gradient (Lenters et al., 2005).
Annual evaporation from temperate closed-basin lakes is particularly
sensitive to lake ice phenology. Typically, a longer ice-free period can
potentially increase the integrated amount of seasonal evaporation
(Rouse et al., 2008). However, observation over large lakes such as Lake
Superior and Lake Michigan indicated that temperate lake evaporation
is not always positively correlated with ice-free duration (Blanken et al.,
2011; Gronewold et al., 2015). For instance, a cold and dry fall season
over Lake Superior can significantly enhance the shoulder-season eva-
poration, cause a large annual total evaporation, and induce a short ice-
free season with early ice formation, while a mild winter with a late ice
formation may have less cumulative evaporation (Spence et al., 2013).
The extent to which these observations apply to much smaller lakes is
unclear, and needs to be addressed.

Lake evaporation rates are also influenced by physical properties
such as lake geometry (i.e. shape, depth, surface area) and water
transparency (e.g. Subin et al., 2012; Deng et al., 2013). Lake depth is
an important factor that influences the change in water heat storage
and the seasonal phase lag between energy input and evaporation rate.
For example, the monthly mean evaporation of a subtropical large
shallow lake was closely coupled with seasonal variations in net ra-
diation (Lake Taihu in China, average depth < 2m, Wang et al., 2014),
whereas deep lakes (maximum depth > 10 m) show a 2-to-3-month
phase lag between the net radiation and evaporation, regardless of the
area of the lake (e.g. Li et al., 2016; Blanken et al., 2000). The trans-
parency or turbidity, which is related to the chemical composition and
plankton population distribution within a lake, affects the penetration
depth of shortwave radiation, and therefore, the available energy for
evaporation (Deng et al., 2013; Wang et al., 2014).

Changes in climate, including air temperature, humidity, wind
speed, and available energy, can have an important influence on long-
term trends in lake evaporation. The globally average wind speed de-
creased by 0.7ms~ ! from 1950 to 2000, which coincided with an
observed decrease in global pan evaporation and calculated crop re-
ference evapotranspiration (McVicar et al., 2012). The global decrease
in surface solar radiation (i.e. “global dimming”) between the 1950s
and 1980s could also have potentially decreased lake evaporation by
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reducing the available energy. The more recent “brightening” trend
over much of the globe could have acted to enhance evaporation (Wild,
2009). Further, the global mean lake summer surface water tempera-
ture was found to increase by 0.34 °C decade™' between 1985 and
2009, correlated with the global brightening and air temperature trends
(O'Reilly, et al., 2015). Over the period 1973 to 2003, observed specific
humidity over land increased by 0.11 gkg ™! per decade, while the re-
lative humidity remained quasi-constant (Willett et al., 2008). Given
the observed increases in air temperature and lake surface temperature,
this implies that the vapor pressure gradient at the lake surface has also
increased. The increase in vapor pressure gradient for the most rapidly
warming lakes around the globe was estimated to be 15%-20% from
1985 to 2009 (Friedrich et al., 2018). These trends in key climate
variables have likely interacted and influenced lake evaporation, re-
sulting in significant inter-annual variability in lake evaporation and
fluctuations in lake water level. Given that multiple trends in atmo-
spheric variables affect the long-term trend of lake evaporation, un-
derstanding these trends and projecting future changes requires a
physically-based model.

White Bear Lake (WBL) is a typical temperate closed-basin lake in
the Mississippi River — Twin Cities watershed, Minnesota, USA. In this
watershed, water levels of many lakes have declined significantly
during the first decade of this century. A study conducted by the United
States Geological Survey (USGS) on 96 lakes in the northeastern Twin
Cities Metropolitan Area found that the water levels of 51 flow-through
lakes declined an average of 0.2 m from 2002 to 2010, while 45 closed-
basin lakes declined by about 0.7 m on average (Jones, et al. 2016).
WBL’s water level declined 1.5 m during a 10-year period (2003-2013),
and the cause of the decline has been the subject of considerable debate.
Proposals to augment the lake water levels have raised serious eco-
nomic and environmental concerns. A study on WBL’s interaction with
groundwater was recently completed by the USGS and Minnesota De-
partment of Natural Resources (MNDNR) (Jones et al., 2013). The an-
nual evaporation was estimated by applying a coefficient of 0.75 to a
Class A evaporation pan 18 km away from WBL (Jones et al., 2013).
However, estimating annual lake evaporation from a general evapora-
tion pan is a challenging and dubious endeavor (Brustaert, 1982). The
single-coefficient method is associated with several potential un-
certainties: First, the heat capacity of the evaporation pan is much
smaller than that of a large lake; Second, pan evaporation cannot reflect
temporal and spatial distributions and vertical profile of lake tem-
perature; Third, although lake evaporation and pan evaporation are
both highly correlated with wind speed and vapor pressure gradient
above the water surface, these relations differ as the wind-driven
mixing influences the evaporation by incorporating the effects of ver-
tical temperature gradient at the lake surface, while a pan is easily well-
mixed and the wind-driven mixing maintains temperature homogeneity
of the pan (Blanken et al., 2000; Martinez et al., 2006; Roderick et al.,
2007).

In this research, we measured and modeled the evaporation at WBL
to address the following questions: 1) What is the magnitude of eva-
poration from a temperate lake and how much does it vary seasonally
and inter-annually?; 2) How sensitive is annual evaporation to me-
teorology and climate and to what extent has evaporation from a
temperate closed-basin lake changed over the past 30 years?; 3) How
are changes in climate expected to impact evaporation and water level
of a temperate closed-basin lake through the 21st Century?; and 4)
What are the potential implications for other lakes within the
Mississippi River - Twin Cities watershed?

2. Study site

WRBL is the second largest lake in terms of surface area (9.7 km?) in
the Twin Cities Metropolitan Area of Minnesota, USA. It is a glacially-
formed and trefoil-shaped lake. An island in the west (Manitou Island)
and a peninsula in the east divide the lake into three bays: north, west
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Fig. 1. Regional and local maps of White Bear Lake and location of deployed eddy covariance towers: (a) Minnesota and surrounding area; (b) Mississippi River -
Twin Cities watershed and catchment of White Bear Lake; (c) bathymetric map of White Bear Lake; (d) location of eddy covariance towers deployed at White Bear
Lake (T2014: Tower location in 2014; T2015a, T2015b: Tower locations in 2015; T2016a, T2016b: Tower locations in 2016). The satellite images in (c) and (d) are
snapshots of the historical imagery on August 11, 2015 from Google Earth - © 2017 Google.

and southeast (Fig. 1c). The deepest point is 25 m in the southeast bay;
however, the lake depth is generally < 10 m in the north and west bays.
There is no natural inlet or outlet around WBL. However, there is a
control outlet at a water level of 281.7 m above the sea level, which
allows an outflow rate of about 0.12m>s ™! for a water level of 282 m
(MNDNR, 1998). Three aquifer layers lie below WBL. From top to
bottom, these layers include a glacial water-table aquifer in the Qua-
ternary deposits, the St. Peter Sandstone bedrock aquifer, and the
Prairie du Chien-Jordan bedrock aquifer. Lake water and groundwater
exchange directly in the glacial water-table aquifer, and the water in
the glacial water-table aquifer can seep downward to the bedrock
aquifers (Jones et al., 2013).

Since WBL is a closed-basin and has a relatively small catchment-to-
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lake area ratio of 2:1 with a catchment area of 19 km?, its water level is
very sensitive to changes in climate and/or hydrologic conditions. The
recent study on WBL’s interaction with groundwater suggested that the
lake-water discharge to glacial buried and bedrock aquifers was a cri-
tical hydrologic sink for WBL (Jones et al., 2013). They found that from
1978 to 2002, precipitation and evaporation could explain the lake
level variation, but additional increasing municipal groundwater
withdrawals needed to be considered to accurately simulate changes in
water level from 2003 to 2011. Their analyses imply that increased
groundwater pumping within the region could be an emerging threat to
numerous lakes within the region. Furthermore, changes in climate
(higher air temperature and humidity, longer ice-free periods, changes
in wind speed and net radiation) could significantly enhance
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evaporation and thereby amplify declining lake levels during relatively
dry or drought periods.

3. Methods
3.1. Observations

3.1.1. Eddy covariance measurements

We installed one eddy covariance (EC) tower in 2014 and two EC
towers in 2015 and 2016 (Fig. 1). In 2014, one tower (T2014) was first
set up south of the east peninsula (45° 4’38.0”N, 92°58’34.6”W) on July
18. It was removed on November 14 to prevent damage from lake ice
formation. The tower was located at the edge of the lake terrace where
the water depth was about 1 m. Relatively light-colored sand covers the
terrace and dominant aquatic plants such as coontail (Ceratophyllum
demersum) and Eurasian watermilfoil (M. spicatum) (McComas, 2011)
that were present in deeper water beyond the terrace.

In 2015, one tower (T2015a) was installed about 14 m away from
the 2014 tower location (45° 4’37.6”N, 92°58’34.9”W). The other tower
(T2015b) was set up to the west edge of the peninsula terrace (45°
4’42.1”N, 92°58’43.1”W). These two towers were operational from May
8 to October 31. In 2016, we installed EC towers at the same locations
as in 2015. The 2016 observations started a week after the ice-out date
on March 25 and continued through the frozen period until February
17, 2017.

A three-dimensional sonic anemometer (model CSAT3; Campbell
Scientific, Logan, UT) and an open-path CO5/H,0 gas analyzer (model
LI-7500; LI-COR, Lincoln, NE) were installed about 3 m above the water
surface at T2014. The sonic anemometer was oriented to the southeast
to ensure a relatively broad fetch from the south. The instrument set-
tings on T2015a were nearly identical to T2014, however, a krypton
hygrometer (model KH20; Campbell Scientific, Logan, UT) was added
for comparison to the LI-7500. T2015b was equipped with a CSAT3 and
a KH20, which were installed about 3 m above the water surface. The
sonic anemometer was oriented to the northwest in order to observe the
fetch from the north. The towers in 2016 used the same instrumentation
as in 2015.

All EC signals (wind speed, sonic temperature, and water vapor
density) were recorded at 10 Hz. Other variables, including net radia-
tion, water skin temperature, and 1-m water temperature, were mea-
sured every 5s. Flux calculations and corrections followed the methods
described in Lee et al. (2004). Fluxes were calculated from the 10 Hz
data using block averaging every 30 min and rotated into the natural
wind coordinate system using a double rotation (Lee et al., 2004). A
correction term for UV absorption by oxygen (Tanner et al., 1993) was
applied to water vapor flux estimates of the KH20. The Webb, Pearman
and Leuning (WPL) density terms (Webb and Leuning, 1980) were
applied to all the turbulent heat flux estimates.

Other ancillary meteorological variables such as net radiation, air
pressure, water skin temperature, 1-m water temperature were mea-
sured every 5s. Detailed information of instrumentation for each mi-
crometeorological tower is listed in Table S1.

3.1.2. Filtering and gap-filling

The raw turbulent heat fluxes were filtered using a double differ-
ence function following Papale et al. (2006) and Griffis et al. (2016). As
another quality control measure to remove outliers, we compared the
water vapor concentrations between the LI7500 and the relative hu-
midity sensor (model CS215-L; Campbell Scientific, Logan, UT), and
discarded fluxes if the difference was larger than 5%.

Both KH20 sensors exhibited detectable drifts in signal strength
related to dirt building up on the lenses and aging detectors. Therefore,
we calibrated the KH20 sensors every 10 days by independently com-
paring their water vapor concentration measurement with two other
higher-precision moisture sensors (LI7500 and CS215-L) on each tower.

Finally, since the highest ground elevation of the peninsula is about
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15 m above the lake surface, the near-surface wind tends to veer along
the shoreline. The EC data were filtered to eliminate any fetch asso-
ciated with nearby land according to wind rose and flux footprint
analyses.

Due to power failure and filtering, about 20% of the half-hourly
latent heat flux data were missing over the whole observation period.
We applied the Neural Net Fitting in the Neural Network Toolbox in
MATLAB 2016a to fit all data from 2014 to 2016, and then used the
fitting function to fill gaps. We set 100 hidden nodes and used the
Levenberg-Marquardt method (Demuth et al., 2014). The critical input
variables for fitting included meteorological variables: air temperature
(T, vapor pressure (e,), wind speed (U), and friction velocity (w.); lake
water variables: water skin temperature (T;), 1-m water temperature
(T,), and lake-surface saturation vapor pressure (e,); and energy terms:
net radiation (R,,) and sensible heat flux (H). Given that the evaporation
was influenced by thermal and moisture gradients at the water-air in-
terface, the lake-surface vapor pressure difference (e; — e,) and tem-
perature difference (T; — T,) were included. A non-linear term U
(es — e,) was also treated as an input variable because evaporation was
found to be highly correlated to it in previous studies (Singh and Xu,
1997; Blanken et al., 2000).

3.1.3. Ice phenology

The ice-out date of WBL has been well documented by MNDNR
since 1928. However, there are no long-term records for ice-in dates.
Two daily 500-m reflectance products (MODO9GA and MYDO9GA)
from the Moderate Resolution Imaging Spectroradiometer (MODIS)
instruments on the Terra and Aqua satellites (Vermote and Wolfe, 2015;
Vermote, 2015) were used to determine the ice cover over the lake. The
retrieved ice-period data were used to test the ability of CLM4-LISSS to
simulate the ice cover over WBL (described further below). The aver-
aged time series of the two products were used to calculate the daily
normalized difference snow index (NDSI) following Irish (2000):

band 2—band 5

NDS[ = —MMMMMM
band 2 + band 5

(€8]
where bands 2 and 5 are reflectances in the near infrared (841-876 nm)
and shortwave infrared (1230-1250 nm) ranges, respectively. The ice
phenology over WBL was characterized by the NDSI difference between
water and land. First, the NDSI of each grid cell within an area of
5km X 4.5km around WBL was calculated. Then the grid cells were
classified as water or land according to the MODIS 500-m land cover
type product MCD12Q1 (Friedl et al., 2010). On clear days, the en-
semble average of NDSI over the ice-free water was generally smaller
than that over land, while the frozen-lake NDSI was larger than the land
NDSI. On cloudy days, the differences of NDSIs between land and water
were close to zero. Therefore, the NDSI difference between water and
land is generally negative when the lake is open and positive when the
lake is frozen. Ice-in and ice-out dates were determined by the inflec-
tion points in the yearly cumulative series of the daily NDSI difference.
The ice-in dates fall near the yearly minimum of the accumulation,
while the maximum indicates the ice-out events. The major sources of
uncertainty are cloud cover, snow events, and the enduring time of
freezing and thawing. Clouds, snow on land, and partial ice-cover over
the lake can minimize the NDSI difference, causing the ice-in/out dates
to differ from the actual minima/maxima points. Because the ice-in
process is generally longer than for ice-out, there is greater potential for
a bias in estimating the ice-in date.

3.2. Modeling

3.2.1. Model description

The Community Land Model version 4 — Lake, Ice, Snow and
Sediment Simulator (CLM4-LISSS) is the offline lake model in CLM 4.5
(Subin et al., 2012; Oleson et al., 2013). Although this model is a one-
dimensional lake model that only considers mixing in the vertical
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direction, it has shown reasonable performance in simulating lake
temperature and surface energy fluxes for several different sized lakes
around the world (e.g. Subin et al., 2012; Deng et al., 2013; Stepanenko
et al., 2014; Hu et al., 2017). The version of CLM4-LISSS we used here
was based on Deng et al. (2013) and Hu et al. (2017). The model was
tuned and validated to reproduce the observed WBL evaporation from
2014 through 2016 in order to perform retrospective analyses of eva-
poration extending from 2016 back to 1979, and to predict future
evaporation from 2017 to 2100.

3.2.2. Forcing data and model spin-up

CLM4-LISSS is forced by seven variables including air temperature,
air pressure, air humidity, precipitation, wind speed, down-welling
shortwave radiation and down-welling longwave radiation. In the
model validation test, CLM4-LISSS was primarily forced by climate data
obtained from the EC systems and nearby local weather stations. Air
temperature, pressure, humidity, and wind speed were obtained from
2014 to 2016 using the EC measurement systems (Table S2). The gaps
in these variables were filled using simple linear regression with data
from a nearby Citizen Weather Observer Program (CWOP) weather
station EW2811 (45° 7 58” N, 93° 0’ 39” W), which is located about
6.8 km to the northwest of T2014. The observations of air temperature,
pressure, humidity and net radiation in 2015 and 2016 showed that
these values were highly consistent between the towers, so the averages
of these variables from both towers were used to drive the model. The
wind speed was chosen from representative fetches of the towers de-
termined by the wind roses and flux footprints. Precipitation and down-
welling shortwave radiation were measured in 2015 and 2016 but not
in 2014, and the down-welling longwave radiation was not measured
during the three years. Periods without observations were gap-filled
using the reanalysis product of the hourly 0.125 x 0.125°North
American Land Data Assimilation System (NLDAS) Primary Forcing
Data (NLDAS_FORAO0125_H) (Xia et al., 2012).

Due to the coarse resolution of the NLDAS data, the grid cell con-
taining WBL mainly reflected features over land rather than water. The
diurnal features of air temperature and specific humidity in the NLDAS
data were not consistent with our observations from 2014 to 2016.
Overall, the daily peak of the air temperature in the NLDAS data was
roughly 3-h earlier than that over WBL. The amplitudes of the diurnal
variation in air temperature were larger than the observations. The
daily averages of specific humidity in the NLDAS data were generally
smaller than the observations. Consequently, we used the Neural Net
Fitting in the Neural Network Toolbox in MATLAB 2016a with 10
hidden nodes and the Levenberg-Marquardt method (Demuth et al.,
2014) to fit the observations with the NLDAS data and obtain the fitting
function. The fitting function was then used to correct the air tem-
perature and specific humidity in the entire dataset. The correction did
not introduce or change long-term trends of the original data. Fur-
thermore, Piecewise Cubic Hermitian Polynomial interpolation
(Fritscht and Carlson, 1980) was applied on the NLDAS data to obtain
half-hourly values.

The water temperature profile in the upper lake levels can be ob-
tained with a spin-up time of about 1 month. However, we found that
the temperature in the deepest part of the lake required 3-5 years to
reach thermal equilibrium. Therefore, NLDAS data from 2004 to 2013
were applied for the model spin-up in the validation simulations.

3.2.3. Model tuning

In the model validation, we optimized the model by tuning its
parameters and assessing if CLM4-LISSS produces similar variability in
evaporation due to climate when compared to the observations. CLM4-
LISSS simulates the sensible heat flux and the latent heat flux using the
aerodynamic method (Subin et al., 2012). The sensible heat flux is
computed from the thermal resistance and the temperature difference
between surface air and the lake surface. Similarly, the latent heat flux
is determined by the moisture resistance and the vapor pressure
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difference at the lake surface. The aerodynamic resistance terms are
computed from Monin—-Obukhov similarity theory, with prescribed
roughness lengths of momentum, heat and moisture.

Since the atmospheric temperature and moisture are driven by the
forcing data, the modeled lake skin temperature will critically de-
termine the temperature and the vapor pressure differences at the lake
surface. The lake skin temperature is iteratively solved to close the
energy balance within a conceptual lake surface layer. The model as-
sumes that this layer absorbs the penetrated shortwave radiation with
an absorption fraction (), which is related to the light extinction
coefficient (5) of the lake and the thickness of this surface layer (z,) by
Beer’s law (Deng et al., 2013):

B = 1-e5an @

The extinction coefficient can be estimated as 1.7/Sg4, where Sy is
Secchi Disk transparency (Boyd, 2015). The Minnesota Pollution Con-
trol Agency (MPCA) occasionally recorded the transparency at WBL
during the ice-free seasons from 1974 to 2015, using an all-white, 20-
cm-diameter Secchi Disk. The observed transparency varied between 2
and 10 m, and the annual median value ranged between 1.5 and 4.5 m.
No significant annual trend was found within the whole observation
period. The 40-year average of the annual median is about 3 m. In our
simulations, the extinction coefficient was thus set as a constant of
0.57m™".

A surface layer thickness of 0.6 m is generally set in CLM4-LISSS,
and this value has been validated for various lakes around the world
(e.g. Subin et al., 2012). Deng et al. (2013) reported that for a shallow
(about 2m) and turbid lake (5 = 5m™1), the conceptual thickness can
be as small as 0.2m. Because WBL is generally deeper and relatively
clear, we assumed that the general setting of 0.6 m was reasonable for
our simulations.

While S is set fixed, the lake skin temperature is sensitive to the
thermal diffusivity of the water. This diffusivity is a critical parameter
to tune, because it represents both vertical and horizontal mixing. In the
model, the diffusivity is the sum of molecular, wind-driven eddy and
enhanced eddy diffusivities. Here the dominant term is wind-driven
eddy diffusivity, which is large at the surface and decreases ex-
ponentially with depth (Henderson-Sellers, 1985). The enhanced eddy
diffusivity is a parameterization of the unresolved 3D mixing (Fang and
Stefan, 1996).

Sensitivity analyses revealed that the lake skin temperature was
most sensitive to the wind-driven eddy diffusivity, and that the am-
plitude of the simulated diurnal variation of lake skin temperature was
too small in the original scheme. Simulations were substantially im-
proved after reducing the wind-driven eddy diffusivity to 0.5% of its
original scheme. This yielded a surface wind-driven eddy diffusivity
that typically varied between 0.1 x 10~ and 1.8 x 10~ °m?s™ 1. Deng
et al. (2013) reported a similar feature and they scaled the original
scheme by 2% (i.e. eddy diffusivity ranged from 0.1 X 10™> to
4 x 107°>m?s™ 1) for a large shallow lake. They found that the large
wind-driven eddy diffusivity erodes the stratification and causes
smaller diurnal variation in the lake skin temperature. Furthermore, the
lake skin temperature in the fall is very sensitive to the diffusivity in the
deeper part of the lake. The analyses revealed that the original en-
hanced eddy diffusivity was appropriate for WBL, although Subin et al.
(2012) proposed that the enhanced eddy diffusivity should scale by a
factor of 10 for a deep lake.

The tunings of diffusivity implied that although the deepest point of
WBL is 25 m, the deep lake setting cannot be entirely applied to WBL.
WBL is a V-shaped glacial lake, and its uneven topology causes a range
of mixing properties. The wind-driven mixing is not efficient in shallow
regions of WBL, while the deep parts of the lake store significant heat
and impact the seasonal and annual temperature variability. Further,
given the relatively small fetch of WBL, the surface wind and internal
boundary layer might not be fully equilibrated above the lake surface,
and therefore, might not effectively drive the eddy mixing within the
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lake surface layer.

After tuning the diffusivity, the aerodynamic roughness lengths
were then tuned to better reproduce the turbulent heat fluxes. Our
tuning yielded optimized values for the roughness lengths of mo-
mentum (2om), heat (zon) and moisture (2o4) in the dynamic ranges of
107°-107*m, 1077-10"®m, and 1077-10"%m, respectively.
Furthermore, In(2om/2on) and In(zom/204) Were kept constant as 7.36
and 7.48, respectively.

3.2.4. Retrospective modeling

In the retrospective simulations, the optimized CLM4-LISSS was
driven by the NLDAS data from 1979 to 2016. The air temperature and
specific humidity in the NLDAS was corrected by the method described
in the Section 3.2.2. The data from 1980 were cycled over a ten-year
period to initialize the model.

3.2.5. Projected modeling

To investigate future changes in lake evaporation and water level in
response to anticipated climate change, we used the tuned CLM4-LISSS
to predict the WBL evaporation under the Representative Concentration
Pathways RCP8.5 (“Business as usual”) greenhouse gas emission sce-
nario (Riahi et al., 2011) from 2017 to 2100. The forcing data were 3-
hourly outputs from the GFDL-ESM2G climate model (Dunne et al.,
2012) in the fifth phase of the Coupled Model Inter-comparison Project
(CMIP5). These simulations were performed for years 2006 to 2100.
Data from 2006 to 2016 were used for model initialization and spin-up.

4. Results
4.1. Observed evaporation

4.1.1. Climatology

Monthly temperature and precipitation data for the Twin Cities
Metro Area from 2014 to 2016 are shown in Fig. 2 and compared with
the climate normal for the period 1981-2010 (National Weather Ser-
vice Forecast Office’s Now Data: NOAA Online Weather Data, http://
w2.weather.gov/climate/xmacis.php?wfo = mpx). The mean annual air
temperature in 2014 was 1.6 °C cooler than the climate normal (7.8 °C)
and 2015 was 1.2 °C warmer than the climate normal. Each month in
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2016 was warmer than normal except December. The mean annual
temperature in 2016 was 2 °C warmer than normal. The annual pre-
cipitation totals from 2014 to 2016 were 899 mm, 918 mm and
1024 mm, respectively. Each year had greater than normal (777 mm)
precipitation. In 2014, the precipitation was mainly concentrated in
late spring and early summer, while both 2015 and 2016 experienced
higher than normal precipitation in summer and fall.

Due to the warmer spring and fall, 2015 and 2016 both had sig-
nificantly earlier ice-out dates and later ice-in dates than in 2014.
According to the MNDNR ice phenology data, there was no significant
trend in the ice-out dates of WBL from 1979 to 2016
(slope = —0.156 dayyear ™', p = 0.319) (Fig. 3). The ice-out dates
retrieved from MODIS were in good agreement with the MNDNR ob-
servations (MODIS vs. MNDNR: slope = 1.097, R? = 0.98, p < 0.01)
in the period 2000-2016. Both ice-in dates and ice-free days from
MODIS indicate no statistically significant trends from 2000 to 2016
(slope = — 0.561dayyear ', p=0.189 for ice-in dates; and
slope = — 0.390 day year ™!, p = 0.676 for ice-free days).

4.1.2. Energy budgets

The mean monthly energy balance partitioning is shown in Fig. 4.
The net radiation peaked at 160 Wm ™2 in June and July and dropped
below 20 Wm ™2 in November. Except for a short period after ice-out
(e.g. March 2016), the sensible heat flux was positive (upward). The
sensible heat flux reached its annual maximum (21-25Wm™~2) in Oc-
tober (in 2015 and 2016) or November (in 2014). The latent heat flux
was always larger than the sensible heat flux in the ice-free season. It
gradually increased from spring to mid-summer and reached a max-
imum of 110-129 Wm ™2 between July and August, and slowly de-
creased from 80 to 90 W m ™2 in the summer to 30-40 W m ~ 2 in the fall.

We were not able to measure lake water temperature profiles to
adequately calculate changes in the WBL heat storage. Instead, we
calculated the energy residual by subtracting the turbulent heat fluxes
from the net radiation (i.e. AS=Rn — H — LE) and used it to estimate
the heat storage change. A positive energy residual indicates an in-
crease in lake heat storage while a negative residual indicates that
energy was released and transformed into turbulent heat fluxes. Here
we assumed that our EC measurements underestimated the total tur-
bulent heat flux by 20% based on energy balance closure analyses

200
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[ Precipitation - 2014
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[IPrecipitation - 2016

—8— Temperature - Climate Normal
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T T 30

Fig. 2. Climate Normal (1981-2010) for monthly
precipitation and air temperature in Twin Cities
Metro Area, MN. Observed monthly air tempera-
ture and precipitation for years 2014-2016 are also
shown (National Weather Service Forecast Office’s
Now Data: NOAA Online Weather Data, http://w2.
weather.gov/climate/xmacis.php?wfo = mpx).

Temperature (°C)
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Fig. 3. Ice-in, ice-out dates and length of ice-free period at White Bear Lake based on Minnesota Department of Natural Resources records, MODIS estimates, and

retrospective modeling.
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Fig. 4. Measured monthly energy balance components at White Bear Lake for 2014-2016.

(Wilson et al., 2002; Nordbo et al., 2011).

From spring to mid-summer, the positive residuals indicated that
the net radiation warmed the lake and increased the heat storage. From
late summer to fall, while the net radiation gradually reduced to zero,
the increased negative residuals indicated that the heat released from
the lake became the energy source driving the turbulent fluxes.

4.1.3. Daily evaporation patterns

The pattern of the 24-h total daily evaporation (i.e. the daily eva-
poration rate) is shown in Fig. 5. Daily evaporation rates were impacted
by synoptic-scale variabilities in air temperature, humidity, and wind
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speed. During summer, the distinct spikes in evaporation were induced
by the passing of cold fronts (Blanken et al., 2000; Spence et al., 2013).
The peaks of evaporation with daily wind speeds > 2ms™?, positive
temperature gradients, and vapor pressure gradients were typically
triggered by the passage of cold fronts. During the observation period,
such events were identified 7 times in 2014, 14 times in 2015, and 21
times in 2016. These events occurred in October most frequently, 3
times in 2014, 4 times in 2015 and 5 times in 2016. A pronounced two-
week cycle of evaporation in the fall coincided with synoptic scale
systems as identified by wavelet time-series analyses in 2015 and 2016
(Figs. $4-S6).
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Fig. 5. Comparison of daily environmental variables during the 2014-2016 observation period: (a) air temperature (T,) and lake skin temperature (Tj); (b) lake-
surface temperature difference (T; — T,); (c) atmospheric vapor pressure (e,) and lake-surface saturated vapor pressure (e;); (d) lake-surface vapor pressure difference
(e; — eg); (e) Wind speed at 3 m (U); and (f) evaporation (E). The peaks of evaporation with daily wind speeds > 2 m s™L positive temperature gradients, and positive

vapor pressure gradients are indicated by gray shadows.

4.1.4. Annual evaporation

To quantify the annual evaporation from 2014 to 2016, the primary
challenge is to estimate the evaporation that occurred outside of the
observation period. Four approaches were used to help constrain the
annual evaporation from 2014 to 2016 (Table 2). The first estimate
simply multiplied the observed length of the ice-free period by the
measured daily mean evaporation rate. The daily mean of the ob-
servation period was calculated from the gap-filled half-hourly data,
and the ice-in and ice-out dates were retrieved from the MNDNR and
the MODIS data. The second approach applied monthly weighting
factors to extrapolate the evaporation to the spring and fall periods
when observations were not available. Here, we averaged three years of
measurements from March to November and calculated the monthly
factors weighted by the total evaporation in August through October,
when our observations were nearly continuous among the three years.
The other two methods applied CLM4-LISSS to extrapolate the

Table 2
Annual evaporation estimates for White Bear Lake from 2014 to 2016.

evaporation beyond the observation period. The third estimate used the
optimized CLM4-LISSS model, which was forced with local observa-
tions. The fourth method was derived from the retrospective modeling
approach with CLM4-LISSS forced only with the reanalysis data pro-
duct.

The first method resulted in evaporation estimates of 543 mm,
915 mm, and 778 mm for 2014 to 2016, respectively. This simple an-
nual estimate represents an upper bound on evaporation and contains
two main uncertainties: the observation errors and the errors associated
with the extrapolation of the observation data to the early and late ice-
free periods. For example, in 2015, our observations captured much of
the summer season, but missed the shoulder seasons, which likely had
less evaporation due to lower available energy. The second approach
estimated evaporation in the three years to be 535mm 763 mm and
748 mm, respectively. The annual evaporation estimated from method
three was 567 mm, 709 mm and 773 mm for the three years. Finally,

Year Sources of Evaporation and ice phenology data Ice-out date Ice-in date Ice-free days Daily E (mm) Annual E (mm)
& Observation Period (days ™)

2014 EC, MNDNR Apr 23 ‘Nov 17 209 2.60 543
Jul 18 Weighted EC, MNDNR Apr 23 Nov 17 209 2.56 535
to Nov 14 Validation modeling Apr 22 Nov 28 221 2.57 567
(102) Retrospective modeling Apr 20 Dec 3 228 2.59 590
2015 EC, MNDNR Apr 2 Dec 30 273 3.35 915
May 8 Weighted EC, MNDNR Apr 2 Dec 30 273 2.79 763
to Oct 31 Validation modeling Apr 3 Dec 16 258 2.75 709
Q177) Retrospective modeling Apr 9 (2016) Jan 1 268 2.73 731
2016 EC, MNDNR Mar 16 Dec 10 270 2.88 778
Mar 25 Weighted EC, MNDNR Mar 16 Dec 10 270 2.77 748
to Nov 30 Validation modeling Mar 13 Dec 15 278 2.78 773
(251) Retrospective modeling Mar 25 Dec 15 266 2.87 764

* The integrated days does not include the missing days within observation period.

* No record from MNDNR, filled by the MODIS data.
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method four resulted in annual estimates of 590 mm, 731 mm and
764 mm. Overall, these estimates were relatively consistent excluding
method one for 2015, which resulted in a large overestimate. The major
difference between the modeled and weighted estimates was caused by
the ice phenology. The model overestimated the length of the ice-free
days in 2014, and underestimated the length in 2015.

After averaging the four estimates for each year, and applying the
standard variance as the error of uncertainty, we estimated the annual
evaporation in the three years at WBL to be 559 = 22mm,
779 + 81 mm, and 766 = 11 mm, respectively. The annual evapora-
tion in 2014 was least among the three years because of a relatively
short ice-free period combined with lower daily evaporation rates.

These estimates did not account for sublimation occurring during
the ice cover period. In winter 2016-2017, we made EC measurements
over the ice from the end of January to early February, which showed
that the monthly latent heat flux was about 5 W m ™2, This is equivalent
to about 20 mm of evaporation when assuming a 4-month ice-cover
period. Sublimation, therefore, represented < 5% of the annual eva-
poration budget.

4.2. Retrospective evaporation

4.2.1. Model validation

The tuned model, forced by local observations, reproduced the la-
tent heat flux reasonably well from half-hourly to monthly time scales
(Fig. 6). At the half-hourly scale, the model explained 74% of the var-
iance, and the Root Mean Square Error (RMSE) was 35Wm ™2 At the
daily scale, the model performed slightly better with R> = 81% and
RMSE = 23 Wm ™2 The errors are mainly contributed by four summer
days with high evaporation on Aug 19, 2015, Aug 24, 2015, Jun 20,
2016 and Aug 21, 2016, underestimating the daily mean latent heat
flux by over 80 W m ™2 Overall, the modeled monthly latent heat flux
showed good agreement with observations in spring and fall. However,
modeled evaporation was biased low in most summers and it was un-
derestimated in summer 2016 by about 10%.

Half-hourly LE (W m?)
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4.2.2. Retrospective results

The annual water budget terms were calculated based on the ret-
rospective model outputs and the WBL precipitation and water level
recorded by MNDNR over the period 1979 to 2016 (Fig. 7). The mean
annual precipitation was 868 mm with no significant trends during this
period. The mean annual total evaporation was 688 mm, and it in-
creased 3.8 mmyear ! (p < 0.01). The trend in the annual evapora-
tion was mainly attributed to the increased daily mean evaporation
(slope = 0.01 mm day ~'year™ !, p < 0.01). During this period, the
increase of daily mean evaporation was driven by both increased wind
speed (slope = 0.011ms ™ 'year™', p < 0.01) and the lake-surface
vapor pressure difference (slope = 0.013hPayear™!, p = 0.095). The
increase of the vapor pressure difference was mainly driven by the in-
creased  air  temperature  during the ice-free  period
(slope = 0.020 °Cyear !, p = 0.075), while no significant trends were
shown in the forcing specific humidity (slope = 0.0032 gkg ™' year ™7,
p=0.51) and the modeled lake surface temperature
(slope = 0.0021 Kyear™?, p = 0.81).

The modeling results also show that the length of ice-free period
was extended (slope = 0.40 day year !, p = 0.067) over the period
1979 to 2016, with earlier ice-out dates (slope = — 0.294 day year ™%,
p = 0.0734) and insignificant earlier ice-in dates
(slope = — 0.156 day year ™!, p = 0.319) (Fig. 3). The extension of the
ice-free period was mainly driven by the increased whole-year air
temperature (slope = 0.038 °Cyear™!, p = 0.015). The modeled ice-
out dates are largely matched with the MNDNR record (MODIS vs.
MNDNR: slope = 0.883, R> = 0.68, p < 0.01). The trend of the mea-
sured ice-out dates in the MNDNR record, while it has the same sign as
the modeled trend, is smaller and of lesser significance
(slope = —1.29dayyear™?, p = 0.124).

The difference between observed precipitation and modeled eva-
poration (P — E) showed a similar pattern to the yearly WBL water level
change. Linear regression showed that 77% of the lake water level
change could be explained by P —E (slope=1.36, inter-
cept = —247mmyear !, p < 0.01). The groundwater inflow to the
lake was estimated from the budget residual by assuming a simplified
water balance G(inflow) =AL — P + E, where AL is the change in water
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Fig. 6. Comparison of latent heat flux between model simulations and observations at different time scales: (a) half-hourly; (b) daily; and (c) monthly.
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Fig. 7. Water budgets derived from observations and model outputs. Precipitation is from observation and evaporation is from the retrospective modeling. The
negative evaporation presented here indicates a positive water vapor flux from the lake to the atmosphere. Water level is the average of observations from November
and December in each year. The change in water level is the water level difference between the labeled year and the year before. A positive residual indicates a flux of
groundwater to the lake (positive G(inflow)), and a negative residual indicates lake water seepage into the groundwater.

level, and a positive G(inflow) indicates a flux of groundwater to the
lake. The residual analyses provided a rough estimate of the exchange
between lake water and groundwater. The mean annual residual was
—211mmyear ' for the period 1981 to 1990, which is in close
agreement (—283mmyear !, r = 0.69, p = 0.016) with estimates
from a hydrologic model that had comprehensive runoff and ground-
water components but a rough evaporation component (MNDNR,
1998). The mean annual residual was —183 mm year ! for the period
1979 to 2016. This indicates that lake water was generally seeping into
the aquifer.

4.3. Projected evaporation

The future WBL evaporation under the RCP8.5 greenhouse gas
emission scenario is shown in Fig. 8. Under this scenario, the annual
evaporation is expected to increase, mainly due to the longer ice-free
period. In the forcing data, the air temperature increased by
0.049 °Cyear™ ' (p < 0.01) and the specific humidity increased by
0.021 (gkg Y year ! (p < 0.01). These trends are consistent with the
ongoing and expected intensification of the hydrological cycle under a
warming climate (Santer et al., 2007; Trenberth and Asrar, 2014). The
modeled increase in the ice-free period was 0.50d year™! (p < 0.01),
with no significant trend in the daily mean evaporation rate. The
combined effect will result in an increase in annual total evaporation of
1.4 mmyear lover this century. By the end of this century, the ice-
cover days are expected to decrease by more than a month, and the
annual evaporation will increase by about 15% (100 mm year’l),
equivalent to 9.8 x 10° m® of water.

The lack of a significant trend in daily mean evaporation may seem
counterintuitive, but most climate models assume, supported to this
point by evidence, that as global temperature increases, mean relative
humidity is conserved (Allen and Ingram, 2002). Thus, expected in-
creases in mean lake surface vapor pressure (driven by the increases in
lake surface temperature with slope = 0.018 Kyear ™! and p < 0.01)
will be accompanied by increases in mean atmospheric vapor pressure,
so that the lake-surface vapor pressure gradient is projected to increase
by only 0.0043 hPayear ' (p = 0.17). Further, wind speed is expected
to decrease by 0.0019ms ™ !year™! (p < 0.01), and the average net
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radiation during the ice-free period is forecast to decrease by
0.039Wm™?year™ ! (p = 0.099).

5. Discussion
5.1. Observed evaporation

5.1.1. Evaporation rates and patterns

During the observation period, the estimated average daily eva-
poration rate during the ice-free season ranged from 2.6 to
3.4 mm day’1 from WBL (Table 2), similar to values reported for small
temperate closed-basin lakes such as Sparkling Lake and Williams Lake
listed in Table 1. The WBL annual evaporation rate ranged from 559 to
779 mm year ", similar to Lake Ahnejirv and Lake Martiska in Europe,
with average annual evaporation rates of 648 mm year ' from 1970 to
2009 (Vainu and Terasmaa, 2014).

The patterns of evaporation at WBL showed many features common
to other closed-basin lakes (Table 1). Similar dynamics between heat
storage changes and turbulent heat fluxes have been reported pre-
viously for a broad range of lake types (e.g. Blanken et al., 2000; Lenters
et al., 2005; Li et al., 2007; Gianniou and Antonopoulos, 2007; Spence
et al., 2013; Wang et al., 2014; Wang et al., 2017). A one-month phase
lag between latent heat flux and net radiation was also observed over
Sparkling Lake, a small temperate closed-basin in the Upper Midwest
US (Lenters et al., 2005), while a lag of two to three months has been
observed over large deep lakes such as Lake Superior in the US (Blanken
et al., 2000) and Lake Qinghai in China (Li et al., 2007). The energy
stored in WBL from May to July, and released from September to No-
vember, was similar to that observed from a small plateau closed-basin
lake in China (Wang et al., 2017).

However, the influence of the length of the ice-free period on annual
and inter-annual variation in evaporation from temperate closed-basin
lakes was not well characterized in the studies summarized in Table 1.
Our study found that the ice phenology is an important factor for es-
timating the annual total evaporation and it is an important causal
factor of the inter-annual differences in annual evaporation.

The annual total evaporation (Eg;mq) is the product of daily mean
evaporation rate in the ice-free period (E4q,) and the length of ice-free



Journal of Hydrology 561 (2018) 59-75

K. Xiao et al.
10 (a) k = 0.049 °C 4%921 . .
) @ yvi' p = 4.9e-
=< o K8 XK
- P el 7
4 . . | | | |
- 8
' 7
o2
> O
= 5
~ 4 QLS 0.001 A . , . |
K % m yr N e-
> 2 35 S y‘% ><Qgsx ) —
3

(e)k=0.052Kyr ", p = 3.60-22

280

P

L(f)k = 0011 hPa?<r

VPD
(hPa)

. p = 2.4e-05
X

Rn

(h)k=0.50dyr", p=13e-10

300

250

days (d) (W m?)

lce-free

200

1000
800
600

Annual E Daily E
(mm yr'1) (mm d'1)

400

2010 2020 2030 2040

2050

2060 2090 2100

Year

2070

2080

Fig. 8. Forcing data and modeling results based on the RCP 8.5 scenario: (a) annual mean air temperature; (b) annual mean air specific humidity; (c) annual mean
surface wind speed; (d) annual cumulative precipitation; (e¢) modeled annual mean lake water skin temperature; (f) modeled annual mean lake-surface vapor pressure
difference; (g) modeled annual mean net radiation in ice-free seasons; (h) length of ice-free period; (i) daily mean evaporation in ice-free seasons; and (j) annual
cumulative evaporation in ice-free seasons. Blue solid lines and crosses indicate yearly data points, while the red solid lines show the linear regression trend; and the
red dotted lines indicate the 95% confidence bounds of the trend lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the
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days (Lice-frec). Here, we define p, g, and r as the increase ratios of the
daily mean evaporation rate, the length of ice-free period, and the total
annual evaporation, respectively.

Eannual = EdayLice—free 3
A + rEgpmua = 1 + p)Eday(l + q)Lice—free
=(1+p+q+ pq)EdayLice—free (€))

71

The term pg, is the increased rate caused by the interaction of daily
mean evaporation and length of ice-free period. Normally, it is a second
order term and can be ignored. Compared with 2014, the annual total
evaporation at WBL increased by about 40% in 2015, while the daily
mean evaporation increased by about 10%, and the length of ice-free
period increased by about 25%. Therefore, the ice-free period con-
tributed about 60% to the increase in the annual evaporation.

Given a typical daily mean evaporation rate of 2.6 mm day ~' and a
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Fig. 9. Comparison of monthly evaporation measured at White Bear Lake with Class A pan evaporation.

length of ice-free period of 250days, a 1% error represent a
0.026 mmday ! in the daily mean evaporation and 2.5days in the
length of ice-free period. Without accurate in-situ record of ice phe-
nology of a lake, it is very likely to have a 2.5-day error in the length of
ice-free period.

5.1.2. Lake evaporation and pan evaporation

Fig. 9 shows the comparison between monthly evaporation at WBL
and the evaporation from a Class A evaporation pan 18 km away from
WBL on the St Paul campus at the University of Minnesota. The eva-
poration measured by EC at WBL was greatest in July and August, and
the fall evaporation was more active than spring (i.e. the shape of the
distribution was unimodal and left-skewed). The pan evaporation was
greatest in July while the spring evaporation was larger than fall (i.e.
unimodal but right-skewed), and it exhibited a larger seasonal varia-
bility compared to the lake. These patterns indicate that the pan eva-
poration was mainly driven by variability in solar radiation. The lake-
to-pan evaporation ratio showed large monthly and inter-annual
variability. For example, the ratio increased from 0.5 to 0.9 from May to
September, and the ratio was larger than 1 in April and October. The
August ratio varied between 0.66 and 0.96 for the three years. The
annual total pan evaporation was 864 mm, 853 mm, and 877 mm from
2014 to 2016, respectively. These values were considerably larger than
the gap-filled EC measurements and showed relatively little inter-an-
nual variability. The lake-to-pan evaporation ratio for the annual total
was 0.65, 0.91 and 0.87 for these three years, respectively. These
analyses demonstrate that it is difficult to derive a single coefficient
between annual pan evaporation and WBL evaporation. It should be
noted that the variability in the length of the ice-free period can have a
nonlinear effect on these ratios making it impractical to obtain a re-
presentative annual value for a temperate lake.

5.2. Retrospective evaporation

In the past 40 years, WBL has experienced two significant water
level declines: 1986 to 1990 and 2003 to 2012 (Fig. 8). Both periods
coincided with years with less precipitation and greater evaporation
than the average. Our residual analyses suggest that the flux of lake
water entering groundwater was larger than the average over the same
period. This indicates that the groundwater aquifer was also at rela-
tively low levels due to the low precipitation. Further, while the entire
region was in a drought during these periods, groundwater pumping
was also estimated to be greater due to agricultural and municipal

usage (Jones et al., 2013). For example, over the 10-year period 2003 to
2012, mean annual precipitation was 822 * 83 mm year71 (mean =+
standard deviation); the modeled annual evaporation was
756 * 79mm; and the derived mean seepage to groundwater was
244 + 132mmyear '. For regional context, we compared the mod-
eled retrospective annual evaporation at WBL to our long-term EC
measurements of evapotranspiration (ET) at corn/soybean sites in Ro-
semount, MN, at the southern edge of the Twin Cities Metropolitan Area
(Baker and Griffis, 2005; Baker et al., 2012; Griffis et al., 2016). Over
the same period (2003 to 2012) the mean annual ET was 522 + 52 mm
over croplands. The mean annual ET for corn and soybean systems were
not statistically different, with mean annual values of 507 = 53 mm
and 534 + 52 mm, respectively. Year 2003 and 2012 were two notable
drought years within the region. The modeled lake evaporation for
2003 and 2012 was 723 mm and 917 mm, respectively, while the pan
evaporation for these two years was 879 mm and 1031 mm, respec-
tively. The annual ET from crops was about 100 mm lower than the 10-
year average for corn/soybean with minimum values of 423 and
472 mm in 2003 and 2012, respectively. These relatively low ET rates
highlight how declining soil water content and drought stress likely
increased the demand for irrigation. It is likely that such drought per-
iods have exacerbated groundwater usage and have contributed to the
decline in groundwater and lake water level within the region (Jones
et al., 2013).

5.3. Projected evaporation

Given that lake evaporation is affected by multiple atmospheric
variables and processes, long-term trends in those variables are critical
in determining the trend in daily evaporation rate and annual total
evaporation. The forcing data under RCP8.5 scenario indicate that air
temperature and humidity will rise, while wind speed will decrease
(Fig. 8). Correspondingly, the lake water surface temperature is ex-
pected to enhance the vertical vapor pressure gradient. These recent
regional trends are consistent with the observed global trends over the
past decades (Willett et al., 2008; McVicar et al., 2012; O’Reilly, et al.,
2015). Although the projected modeling results indicate that the effects
of changes in wind speed, vapor pressure difference and net radiation
might be compensatory with respect to their influence on the daily
mean evaporation rate, the change in length of the ice-free period will
be a major factor driving increases in the annual total evaporation. The
relation between evaporation and ice phenology deserves more re-
search to understand the feedback processes and the potential amount
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of inter-annual variability in evaporation from temperate closed-basin
lakes.

We note that wind speed forcing data has opposite trends in the
retrospective modeling and the projected modeling. These trends are
consistent with previous studies (Holt and Wang, 2012; Kulkarni and
Huang, 2014; Ashtine et al., 2016). The mechanism underlying these
trends is largely driven by changes in the atmospheric circulation and
require further investigation. Hobbins et al. (2012) found that the most
important drivers of the atmospheric evaporative demand for our study
area were air temperature, specific humidity, downwelling shortwave
radiation, downwelling longwave radiation and wind speed. This in-
dicates that compared with the wind speed, the vapor pressure differ-
ence at the lake surface, which is mainly influenced by both air tem-
perature and specific humidity, is more critical in affecting the daily
lake evaporation rate in the region.

The projected modeling results indicate that increasing rate of
evaporation is likely to outpace changes in precipitation. It is estimated
that annual evaporation at WBL will increase by
1.4 (mm year’l) year’1 (p < 0.01) over this century, while the annual
precipitation is expected to increase by about 1.1 (mm year ') year !
(p = 0.06). Furthermore, there will be increasing probability of more
extreme large evaporation years compared with current climate status.
Overall, we expect decreases in the moving average of WBL lake water
level and increases in lake level variability.

5.4. Regional implications

The Mississippi River — Twin Cities watershed has more than 1.8
million people and over 250 lakes (Anderson, et al., 2013). Many of
these lakes have shown high sensitivity to variations in climate and
water use. Our observations and model analyses support that lake levels
within the region are closely coupled to evaporation and that future
scenarios show a tendency for increased likelihood of lower water le-
vels and more extreme fluctuations in lake levels. Unfortunately, de-
tailed observations and modeling for such lakes remains rare, and
therefore, their utility in effectively managing these water resources
remains limited. There is an increasing need for developing compre-
hensive water management strategies to address the potential impacts
of extreme climate events and climate change in light of increasing
population and growing demand for these water resources. Under-
standing and forecasting changes in the magnitude of evaporation
cannot be ignored. For WBL, the water loss from a typical evaporation
rate of 5mm per day during the summer is equivalent to 4.9 x 10*m>
of water or roughly 0.5m®s™! of continuous 24-h pumping. An ad-
vanced ice-out date or postponed ice-in date of just one day is likely to
result in an additional water loss of 2 X 10* m®. Thus, small changes in
the evaporation rate or ice phenology can have significant impacts on
available water for these communities. Proposed water augmentation
strategies that are designed to compensate for declining lake levels
within the region for the present climate must be aware of the potential
changes in supply and demand as climate continues to warm. Further,
according to recent data from the USGS, per capita water use in Min-
nesota is about 0.23 m?® per day (Maupin et al., 2010). The additional
100 mm of evaporation at WBL resulting from the long-term change in
climate is equivalent to the annual water use of over 11,000 people and
further highlights the need for sound water use management strategies.
The combination of long-term evaporation measurements and modeling
for sentinel lakes should be adopted as a strategy to help protect lakes
and the ecosystem services that they provide.

The annual changes in water level of WBL showed strong coherence
to changes in the regional lake water levels from 1925 to 2016 (Fig. 10).
The changes in WBL water level and the median changes in the regional
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lake water levels exhibited very similar statistical characteristics in-
cluding the overall sign. They were also significantly correlated with a
coefficient of 0.68 (p < 0.01). As a closed-basin lake, WBL also showed
a larger variation in the water level than the regional median value, but
the water level changes of WBL were usually within the ranges bounded
by the whiskers of the box plot. Such coherence implies that the re-
gional lake water levels were collectively impacted by the large scale
synoptic and climatic drivers influencing the regional precipitation and
evaporation. Previous studies have shown that decadal changes in
water levels of closed-basin lakes in North America were correlated to
large scale climate teleconnections such as the Atlantic Multidecadal
Oscillation (AMO) and the North Atlantic Oscillation (NAO) (Hanrahan
et al., 2010; Hanrahan et al., 2014; Watras et al., 2014). These tele-
connections can help us further understand the inter-annual relation-
ship between climate and regional water balance. For example, pre-
vious research has shown that the 2009/2010 El Nifio winter induced
higher-than-normal air temperature in North America and mild ice
conditions over the Great Lakes (Bai et al., 2011). In our study period,
the increases in mean annual air temperature and precipitation from
2014 to 2016 in the Twin Cities and the changes in their patterns were
potentially related to a phase shift in the El Nifio—Southern Oscillation
(ENSO) from a neutral to El Nifo state. Correspondingly, we observed a
relative longer ice-free season and larger annual evaporation at WBL in
2015 and 2016 than 2014. Thus, long-term projections of lake eva-
poration will also be influenced by the frequency and persistence of
large scale atmospheric circulations. However, the influence of climate
change on such teleconnections is poorly understood (Hanrahan et al.,
2010). Therefore, more observations and modeling studies are needed
to improve our understanding of these factors.

6. Conclusion

(1) Daily evaporation at WBL was strongly influenced by synoptic-scale
variability. The heat released from the lake was the main energy
source for evaporation in the fall. The annual evaporation at WBL
from 2014 to 2016 was 559 = 22mm, 779 = 81 mm, and
766 = 11 mm, respectively. The annual evaporation in 2014 was
least among the three years, due to its relatively short ice-free
period and its relatively lower daily evaporation rate.

(2) The retrospective analyses indicated that WBL annual total eva-

poration increased by about 3.8 mmyear ™' from 1979 to 2016,

which was attributed to increased daily mean evaporation during

the ice-free period. The increase of daily mean evaporation was
driven by the increased wind speed and lake-surface vapor pressure
gradient. The lake level declines at WBL during 1986-1990 and

2003-2012 were caused by the coupled low precipitation and high

evaporation. This finding implies that a regional drought and po-

tential intensified groundwater use can have a dramatic impact on
water level at a closed-basin lake.

Model results suggest that annual evaporation at WBL will increase

1.4 mm year ! over this century under the RCP 8.5 scenario, which

is largely driven by the extended ice-free periods. At the end of this

century, the ice-cover period will shorten by more than a month,
and the annual evaporation will increase by an equivalent

9.8 x 10°m?® of water.

(4) Our observations and model analyses support that lake levels within
the region are closely coupled to evaporation. Lake evaporation is
expected to increase due to the extended ice-free period as climate
continues to warm. A tendency for increased likelihood of lower
water levels and greater fluctuations in water level for WBL and
other lakes within the region is expected.
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