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a  b  s  t  r  a  c  t

Oxygen  concentration  is  both  an  indicator  and  driver  of  water  quality  in lakes.  Decreases  in oxygen  con-
centration  leads  to altered  ecosystem  function  as  well  as harmful  consequences  for  aquatic  biota,  such
as fishes.  The  responses  of  oxygen  dynamics  in  lakes  to  climate-related  drivers,  such  as  temperature  and
wind speed,  are  well  documented  for lake  surface  waters.  However,  much  less  is known  about  how  the
oxic environment  of bottom  waters,  especially  the  timing  and  magnitude  of  anoxia  in eutrophic  lakes,
responds  to changes  in  climate  drivers.  Understanding  how  important  ecosystem  states,  such  as hypolim-
netic  anoxia,  may  respond  to differing  climate  scenarios  requires  a model  that  couples  physical-biological
conditions  and  sufficiently  captures  the  density  stratification  that  leads  to strong oxygen  gradients.  Here,
we  analyzed  the  effects  of  changes  in three  important  meteorological  drivers  (air  temperature,  wind
speed,  and  relative  humidity)  on  hypolimnetic  anoxia  in a eutrophic,  north  temperate  lake  using the
anoxic  factor  as  an index  that  captures  both  the  temporal  and  spatial  extent  of  anoxia.  Air temperature
and  relative  humidity  were  found  to have  a positive  correlation  with  anoxic  factor,  while  wind  speed
had  a negative  correlation.  Air  temperature  was  found  to  have  the  greatest  potential  impact  of  the  three

drivers  on  the  anoxic  factor,  followed  by wind  speed  and then  relative  humidity.  Across  the  scenarios  of
climate  variability,  variation  in  the simulated  anoxic  factor  was  primarily  due  to  changes  in  the  timing  of
onset and  decay  of stratification.  Given  the  potential  for  future  changes  in climate,  especially  increases
in  air  temperature,  this  study  provides  important  insight  into  how  these  changes  will  alter  lake water
quality.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Lake eutrophication has led to degradation of water quality
n lakes and reservoirs at a global scale (Diaz 2001; Carpenter
t al., 2011; Trolle et al., 2011; Kara et al., 2012). An impor-
ant consequence of elevated productivity in eutrophic systems is
noxia (<1 mg  O2 L−1) in lake bottom waters (the hypolimnion),
hich arises from increased microbial metabolism of degradable

rganic matter (OM) (Hanson et al., 2004; Cooke et al., 2005;

ouffard et al., 2013). In thermally stratified lakes, in which the
ypolimnetic waters are effectively isolated from atmospheric and
hotosynthetic oxygen sources in the epilimnetic surface waters,

∗ Corresponding author.
E-mail address: csnortheim@gmail.com (C.A. Snortheim).

ttp://dx.doi.org/10.1016/j.ecolmodel.2016.10.014
304-3800/© 2016 Elsevier B.V. All rights reserved.
hypolimnetic dissolved oxygen (DO) consumption by microbial
respiration leads to oxygen depletion and eventually anoxia
(Robertson and Imberger 1994; Nürnberg 1995; Foley et al., 2012).
Anoxia is a serious environmental threat, as it leads to the release
of nutrients such as phosphorus (P) and metals from the sedi-
ments into the water column, and has negative consequences for
fish and macroinvertebrates, including altered spatial distribution
of species, changes in physiological processes and predator-prey
interactions, and potentially death (Arend et al., 2011; Foley et al.,
2012).

Projected changes in meteorological drivers over the next cen-
tury are likely to cause further deterioration of water quality

globally and may  undermine management strategies intended to
decrease anoxia (Jeppesen et al., 2007, 2009; Williamson et al.,
2009; Trolle et al., 2011). Changes in water temperature and oxygen
dynamics are occurring in many lakes worldwide (e.g. Hampton

dx.doi.org/10.1016/j.ecolmodel.2016.10.014
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
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t al., 2008; Williamson et al., 2009; Schneider and Hook 2010;
oley et al., 2012; Palmer et al., 2014; North et al., 2014). However,
he links between meteorological drivers and lake responses are
omplex. In some studies, there is evidence of diurnally asymmet-
ic effects (i.e., a differing effect in the magnitude between daytime
nd nighttime) of meteorological drivers such as air temperature
r wind speed (Livingstone 2003; Wilhelm et al., 2006; Kerimoglu
nd Rinke, 2013). Other studies, using model forecasts, have pre-
icted increased stratification strength and duration, which would

ikely lead to increased extent of anoxia in the future (Mackay et al.,
009; Samal et al., 2012). Consequently, it is important to under-
tand how changes in multiple meteorological drivers interact to
ffect important seasonal oxygen dynamics.

In linking meteorological drivers to water quality in lake
cosystems, most work has focused on the relationships between
ir temperature, longwave radiation, and lake thermal structure
Trolle et al., 2011; Samal et al., 2012), and there is still a need for
nvestigating the effects and interactions of other meteorological
rivers, such as wind speed, on thermal structure, as well as the
ubsequent chemical and biological responses to altered thermal
tructure (Wilhelm et al., 2006; Mackay et al., 2009; Kerimoglu and
inke, 2013). For example, increased wind speeds cause increased
urface turbulence, acting to decrease thermal stability. This can
ead to delayed stratification and induce earlier fall turnover,
otentially shortening anoxia duration. The complex interactions
etween exogenous forcings and lake anoxia are challenging to
nderstand and require an analytical framework that both couples
hysics and biology within lakes and accounts for vertical thermal
nd chemical gradients.

Process-based numerical simulation models are appropriate for
tudies of meteorological scenarios because lakes have complex
hysical-biological coupling and substantial temporal variance
Arhonditsis et al., 2006; Kara et al., 2012). A number of factors

ay  determine the spatial extent and duration of hypolimnetic
noxia, including epilimnetic productivity, duration of thermal
tratification, thermal stability, hypolimnetic temperature, and
ypolimnetic volume (Foley et al., 2012; Müller et al., 2012;
ouffard et al., 2013). Additionally, these processes are not inde-
endent of each other and may  affect hypolimnetic anoxia in
ontrasting ways. As an example, higher hypolimnetic water tem-
eratures can favor increased microbial metabolism rates and
hus increased anoxia duration (i.e. earlier anoxia onset) (Foley
t al., 2012), but they can also lead to decreased thermal stabil-
ty, thereby decreasing the spatial extent and duration of anoxia
Nürnberg, 1988). Further, many heat-flux processes controlling
hermal structure, and thus influencing chemical and biological
rocesses throughout the water column, are non-linear (Wilhelm
t al., 2006). Process-based numerical models are able to simu-
ate these complex interactions and feedbacks between physics
nd biogeochemistry (Hamilton and Schladow, 1997), and thus
re well-suited to provide insight into how oxygen dynamics may
hange under a gradient of meteorological scenarios.

How do meteorological drivers affect hypolimnetic oxygen
ynamics in a eutrophic, north temperate lake? Does the timing
f perturbations in meteorological drivers (day vs. night) influ-
nce their effect on oxygen dynamics? What are the projected
mpacts of changing climate on lake oxygen dynamics for the lat-
er half of the 21st century? To explore these questions, we used

 process-based, one-dimensional, hydrodynamic-biogeochemical
ake model calibrated to observational data to independently test
he influence of meteorological variables on lake anoxia, as well as
xplore meteorological scenarios that may  be outside the bounds

f available observational data. We  applied this model to a well-
tudied eutrophic, north temperate lake (Lake Mendota, Wisconsin,
SA) that routinely experiences hypolimnetic oxygen depletion
uring summer stratification. We  examined relationships between
odelling 343 (2017) 39–53

changes in meteorological driving variables and emergent proper-
ties of the lake system using simple statistical models.

2. Methods

2.1. Study site description

Lake Mendota is a dimictic, eutrophic lake located in south-
central Wisconsin, USA (43◦7′N, 89◦25′W).  It has a surface area of
39.4 km2 and a maximum depth of 25.3 m (Brock, 1985; Kitchell,
1992). Lake Mendota’s major tributary, the Yahara River, accounts
for approximately 70% of the total annual inflow. The hydraulic
residence time is roughly 6 years. The lake is typically frozen from
late December until early April, and stratifies June through early
October. Due to its eutrophic status since the mid-1800s, Lake Men-
dota experiences intense phytoplankton blooms and hypolimnetic
anoxia each summer (Brock, 1985).

2.2. Anoxic factor calculation

Anoxia is the state of extremely low DO, which can occur
in the hypolimnion of a lake during thermal stratification when
the bottom waters are isolated from atmospheric and photosyn-
thetic oxygen sources in the surface waters. During this period,
DO consumptive processes, or sinks, such as microbial respira-
tion, exceed DO sources (downward transport from the surface
waters via advection and diffusion), and DO decreases to very low
concentrations. In this study, the anoxic threshold is defined as
1 mg  L−1 (Nürnberg, 1995; Foley et al., 2012). The anoxic factor (AF)
is an index that summarizes both the temporal duration and spa-
tial extent of anoxia in a lake or reservoir into a single value for a
specified length of time (e.g., a summer season) (Nürnberg, 1995).
Anoxic factor (Nürnberg, 1995; Marcé et al., 2010) or other sim-
ilar indices such as ‘hypolimnetic anoxia’ (Foley et al., 2012) and
‘hypoxic factor’ (North et al., 2014) have been used to track changes
in hypolimnetic oxygen concentrations across varying meteorolog-
ical conditions. The AF represents the amount of time (t) that a
sediment area (a), normalized by the surface area of the lake (A0),
is overlain by anoxic waters (Eq. (1)).

AF =
∑n

i=1tiai
Ao

(1)

AF captures the spatial extent of anoxia by considering the
anoxic depth in the water column (Fig. 1) and is normalized by lake
surface area, allowing for comparison among lakes. AF is reported
in time units (days), but is often described as days year−1 or days
season−1 to specify whether winter anoxia (under ice) is included
or excluded, respectively, in the AF calculation (Nürnberg, 1995).
Because AF accounts for both the duration and spatial extent of
anoxia, it is more indicative of the physiochemical and ecolog-
ical impact of anoxia on a lake system than anoxia duration or
the oxygen depletion rate. For example, if the time of stratifica-
tion formation and decay were identical for two separate years for
an idealized lake, but the oxycline depth differed, the measures of
anoxia duration for the two  years would be the same but the anoxic
factor measures would differ.

2.3. Simulation model

We  used a hydrodynamic-biogeochemical model to explore
how changes in external forcing alter AF. While AF can be calculated

directly from observational data, the model enabled us to explore
gradients not represented in the observational data, the sensitivi-
ties of AF to relatively small changes in meteorology that may be
masked by noise in the observational data, and to simulate the
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Fig. 1. Conceptual model of the General Lake Model (adapted from Hipsey et al., 2014), illustrating the effects of exogenous drivers on lake physical processes.

Fig. 2. Conceptual model of the Aquatic EcoDynamics modules (adapted from Hipsey et al., 2013), illustrating key chemical and biological processes. The bacteria and
zooplankton modules were not included in this study.
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ndependent effects of meteorological drivers that are correlated
n the observational data. Moreover, the simulation framework
llowed us to generate many meteorological scenarios not avail-
ble in the observational data. We  used the General Lake Model
GLM v1.4.0), a one-dimensional (1D) vertical stratification model
oupled through the Framework for Aquatic Biogeochemical Mod-
ling (FABM) to the Aquatic EcoDynamics module library (AED)
Hipsey et al., 2013, 2014) (Figs. 1 and 2 Fig. 2). The model uses

 flexible Lagrangian layer structure which allows the number and
hickness of vertical layers to vary through time (subject to user-
efined constraints of 0.1 to 1 m thickness for our simulations)

n order to sufficiently resolve the vertical gradients. Layers can
xpand, contract, merge or split in order to simulate water bal-
nce, mixing and stratification. Physical, chemical and biological
ariables are assumed constant within each layer. The reader is
eferred to the science manuals for GLM (http://aed.see.uwa.edu.
u/research/models/GLM/overview.html) and AED (http://aed.see.
wa.edu.au/research/models/AED/Pages/documentation.html) for

urther information regarding the model process equations, state
ariables and parameters.

The GLM-FABM-AED model (referred to as ‘GLM-AED’ hereafter)
as well-suited for this study because of its: (1) open source avail-

bility and transparency, which encourages future repeatability of
hese experiments; (2) flexibility, through AED’s modular design,
n the types of ecological processes included in the simulation; (3)
ow computational requirements for a single run, thus enabling
epeated experiments that include thousands of simulations. Fur-
her, many of the heat transfer and mixing algorithms have been
dopted from Hamilton and Schladow (1997) and have been tested
xtensively through a wide range of conditions in the DYnamic
Eervoir Simulation Model (DYRESM) (Gal et al., 2009; Trolle et al.,
008, 2011; Bruce et al., 2006). In calculating AF from 1D model
esults, we implicitly assume spatial homogeneity (except for the
ertical dimension). This has previously been shown to be a valid
ssumption for chemical state variables within the hypolimnion of
ake Mendota (Kamarainen et al., 2009).

.4. Model setup & observational data

The model was initialized and calibrated using driver data and
ater quality data from 2009 and 2010. Validation was  conducted

sing data from 2007 and 2008. This time period was chosen as
t represented the highest-quality data available at the inception
f this study. Years 2009 and 2010 were used as the calibration
ears because they represented the years of the lowest and highest
bserved anoxic factor, respectively, allowing calibration to cover
he widest possible range of anoxic conditions. High-frequency
min−1, down-sampled to hour−1 for this study) water temperature
ata were available from an instrumented buoy located near the
eographic center of Lake Mendota (http://metobs.ssec.wisc.edu/
uoy). All water quality data were collected and analyzed according
o standardized protocols through the North Temperate Long-Term
cological Research program, which also samples at the buoy site
https://lter.limnology.wisc.edu/). Water quality data were gener-
lly available at a biweekly temporal interval and at 4-m spatial
depth) interval, with chemical data (dissolved oxygen, nitrate,
hosphate, etc.) available throughout the water column and phyto-
lankton data typically available at 0–8 m depth from the surface.
eteorological data were collated from multiple sources (Table 1).

Simulations were run for individual open water seasons
approximately mid-April through December) to focus on anoxia
hat occurs in the summer stratified period. The simulation time

tep was one hour, aligning with the hourly meteorological driver
ata. The results output time step was set to 12 h to capture diurnal
ynamics but also to minimize model output file sizes. Therefore,
he model output had a temporal resolution of 12-h and a spatial
odelling 343 (2017) 39–53

(depth) resolution reflecting the number of model layers at that
simulation time step (maximum layer thickness of 1 m).  To calcu-
late goodness-of-fit metrics, each available observed data point was
matched in time and space (depth) to the modeled results, using
linear interpolation on the modeled data when required.

AED modules representing ecosystem processes that were
expected to have particular relevance to anoxia were included.
We simulated oxygen, nutrients (silica, nitrogen, and phosphorus),
organic matter, and phytoplankton. These processes are espe-
cially important in eutrophic Lake Mendota, where phytoplankton
account for the major organic carbon flux that fuels microbial
respiration in deeper waters (Brock, 1985). Within the phytoplank-
ton module, four functional groups were simulated to account
for most of the planktonic organic carbon biomass: Microcystis
(non-N-fixing cyanobacteria in Microcystis genus), Aphanizomenon
(N-fixing cyanobacteria in the Aphanizomenon or Anabaena gen-
era), chlorophytes (all remaining green algae), and diatoms (all
phytoplankton in the Bacillariophyta division) (Kara et al., 2012).
Phytoplankton mortality was subsumed into the phytoplankton
respiration parameters, allowing for regulation without enabling a
zooplankton functional group (Hipsey et al., 2013). Heterotrophic
bacterial respiration processes were captured through sediment
oxygen demand and water column respiration via the mineraliza-
tion of dissolved organic carbon (DOC).

2.5. Model calibration

Both automated and manual calibration routines were con-
ducted to optimize the goodness-of-fit for the subsequently
mentioned state variables that are known to influence hypolim-
netic anoxia. We  calibrated water level and water temperature
(WT) to ensure the model was sufficiently representing lake level
and stratification. We  also calibrated DO and nutrients, includ-
ing filterable reactive phosphorus, nitrate, ammonium, dissolved
reactive silica, DOC, dissolved inorganic carbon (DIC), as well as
the biomass of each of the four phytoplankton functional groups
to ensure adequate representation of the contribution of phyto-
plankton to the OC pool that subsidizes heterotrophic respiration.
Because a GLM-AED model with multiple phytoplankton functional
groups has hundreds of total parameters, we focused our calibra-
tion efforts on the most influential parameters directly related
to each of the target state variables. Sensitivity of predictions to
changes in model parameters was  ranked by the variation of the fit
metric (Root Mean Square Error (RMSE) or Normalize Mean Abso-
lute Error (NMAE)) in response to approximately ± 30% changes in
the default parameter values (Bruce et al., 2006; Gal et al., 2009;
Kara et al., 2012). All calibrated parameters and final assigned val-
ues can be found the Appendix tables (Tables A1–A3).

Calibration of physical and chemical state variables involved
minimizing NMAE via adjustments to the target parameters within
literature ranges. The minimization routine was executed by con-
strained, nonlinear, multidimensional optimization in R, tuning
up to five parameters simultaneously (Nelder and Mead 1965;
R Development Core Team, 2014). The R language was  chosen
because it is open source, flexible, and platform independent. For
phytoplankton functional groups, calibration was accomplished via
manual, incremental adjustments to the top five most sensitive
phytoplankton parameters (Table A3) to find the best qualitative
match to observed data. Emphasis was placed on seasonal mean
and peak timing and magnitude, as these characteristics are impor-
tant features of phytoplankton dynamics (Rigosi et al., 2011). The
final applied parameter values were the mean of the results of

the two independent manual calibration routines for the 2009 and
2010 seasons.

The model was  calibrated to best match the observed time
series data at all depths for the state variables, with equal weight-
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Table  1
Sources of data for meteorological driver variables. Longwave radiation values were calculated following procedures from Crawford and Duchon (1999).

Meteorological Variables Time Range Data Source Website

Air temperature, wind speed, relative
humidity, shortwave radiation

2007–2010 University of Wisconsin Space Science and
Engineering Ground-Based Atmospheric
Monitoring Suite (UW-SSEC/AOS)

http://metobs.ssec.wisc.edu/aoss/tower/

Rain, snow; supplemental air temperature,
wind speed, relative humidity

2007–2010 National Climatic Data Center (NCDC) http://www.ncdc.noaa.gov/

Supplemental shortwave radiation 2007–2010 National Oceanic and Atmospheric
Administration’s (NOAA) Earth System
Research Laboratory Global Monitoring

L-GM

http://www.esrl.noaa.gov/gmd/

can La
AS)

i
m
c
d
s

2

a
c
t
n
c
i
s
d
p
a
f
m
t
t

w
t
i
d
s
2
t
m
1
t
t
s
t
d
m
s
d
D
w
a
f
d
p
(
p
p

Division (ESR
All variables, for observed data MLR  model 1995–2011 North Ameri

System (NLD

ng placed on each depth (i.e. no volumetric weighting). GLM-AED
odel was not calibrated for AF because it could force a numeri-

al agreement of the indices while obscuring the spatial-temporal
ynamics of some state variables in a way unrepresentative of the
ystem.

.6. Climate scenarios

We  focused our study on air temperature, wind speed and rel-
tive humidity (RH), three meteorological driver variables that are
ritical components of the lake’s surface energy budget, and held
he water balance constant (i.e. precipitation and streamflow). Sce-
arios involved the simultaneous application of constant, additive
hanges to the observed hourly time series of these meteorolog-
cal variables for a single open-water season in the 2007–2010
imulation period (i.e. four different baseline years). Along with all-
ay perturbation scenarios (i.e. change applied to all hourly time
oints), scenarios were executed for daytime perturbations only
nd for nighttime perturbations only. A single scenario run included
our steps in which scenario information flowed from the original

eteorological (“met”) file in the form of perturbations, through
he GLM-AED simulation and post-processing, and ultimately to
he AF value (Fig. 3).

In step 1, perturbations for air temperature, wind speed and RH
ere randomly sampled from a uniform distribution of perturba-

ion ranges that were based on the magnitude of projected changes
n the three meteorological variables. The projected changes were
erived from the GENMOM GCM with A2 emission scenario down-
caled to Lake Mendota following the methods of Hostetler et al.,
011. The range of perturbations was centered at zero, and set
o encompass the maximum projected change in the monthly

ean values between the periods 2070–2089 and back-projected
980–1999 (in order to capture longest available time period and
hus likely the largest projected change). The resulting perturba-
ion ranges were ±3 ◦C for air temperature, ±0.25 m s−1 for wind
peed, and ±6% for relative humidity. The constant, additive per-
urbations were applied to all applicable hourly time steps (all-day,
aytime or nighttime), representing a shift in the mean value of the
eteorological driver variable. For example, daytime perturbations

cenarios involved changes only to hourly time points during the
ay, while nighttime driver data remained identical to the baseline.
ay and night were distinguished by a 10 W m−2 threshold of short-
ave radiation values, and over the simulation periods, there was

n even split between day and night hourly time points (50% ± 0.4%
or all baseline years). Longwave radiation was not a target climate
river in this study, but was adjusted to reflect changes in air tem-

erature and relative humidity following Crawford and Duchon
1999). This allowed for all climate scenarios to be as realistic as
ossible while allowing for independent perturbations in air tem-
erature, wind speed, and relative humidity.
D)
nd Data Assimilation http://ldas.gsfc.nasa.gov/nldas/

In step 2, a GLM-AED simulation was  executed using the
adjusted (scenario) meteorological driver data (Fig. 3). DO data
were read from the simulation results in step 3. In step 4, the
AF was calculated and recorded. This value, along with scenario
information such as the perturbation timing and the perturbation
magnitudes, was recorded and then the process was repeated by
launching another scenario from step 1. This process was  repeated
500 times for each of three perturbation timings (all-day, daytime,
and nighttime) and for each of four baseline years (2007–2010).
This resulted in a total of 500 × 3 × 4 = 6000 simulations. The R
package ‘glmtools’, in conjunction with additional customized R
code, was  used to set up and execute simulations as well as extract,
format, statistically analyze, and visualize data from the NetCDF
output files (Read et al., 2014).

2.7. Statistical analyses of simulation & observational data

We conducted multiple linear regression (MLR) analysis using
the change in AF from baseline as a response variable and the shift in
each of the three meteorological variables as independent variables
(Eq. (2)).

�AF  = CAT (�AT) + CWS (�WS) + CRH (�RH) (2)

This allowed us to determine if shifts in the mean air tempera-
ture, wind speed and relative humidity for an open-water season
could be used to predict how much the AF shifted from the long-
term mean. While a complex simulation model is needed to predict
the onset and conclusion of hypolimnetic anoxia, as well as the
spatial extent at any given time, we  were interested in testing
whether a simple statistical model could adequately capture an
emergent property of the lake system through a season (i.e. the AF).
We assessed the ‘adequacy’ of the statistical models by analyzing
the residual plots to ensure normality, linearity, homoscedasticity,
and absence of outliers (Foley et al., 2012). We tested for cor-
relation amongst the predictor variables for both simulation and
observational data using the Pearson correlation coefficient. Long-
wave radiation was  not included in the regression analysis to avoid
multicollinearity.

The sign of each of the three meteorological variable coefficients
reveals the direction of the influence of each of the meteorological
drivers (i.e. tendency to increase or decrease AF), and the coeffi-
cient magnitudes provide effect estimates. Statistical comparison
of the coefficients derived from daytime-perturbation simulations
and nighttime-perturbation simulations revealed whether or not
there existed significant differences between daytime and night-
time effects. Finally, since AF incorporates both the spatial and
temporal extent of anoxia, we  used simple regression to test how a
spatial (thermocline depth) and temporal (anoxia duration) emer-

gent property of the lake system accounted for the variability in the
simulated AF.

To check our findings derived from simulation data against
observed data, we  conducted MLR  analysis using observed mete-
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Fig. 3. Workflow diagram depicting the processing steps for a model run from baseline simulation files to derived summary indices from scenario results. (1) Perturbations
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or  air temperature, wind speed and relative humidity were applied to the original
river  data. (3) Simulated oxygen data were extracted from the NetCDF output file.

rological and DO data for the period 1995–2011 (n = 17).
eteorological data used in this analysis were hourly observations

rom NLDAS, and DO data were biweekly to monthly profile mea-
urements from NTL-LTER. We  calculated perturbations using the
ong-term mean value during the open water season as a base-
ine. Although there is relatively low statistical power with just
7 observation years available (compared to thousands of scenario
imulations), we  performed this analysis of the observational data
o test whether or not the simulation results agreed with histor-
cally observed meteorological conditions and the corresponding
bserved AF value.

.8. Extremes testing

We  evaluated the simulated AF response across a wide state
pace of meteorological variable conditions, including some outside
he bounds of observed data, in order to gain a better understand-
ng of how extreme a change must be to force a particular system
esponse. Scenarios were run with air temperature perturbations of
15 ◦C, wind speed perturbations of ±2 m s−1, and relative humid-

ty perturbations of ±15 percent, with longwave radiation adjusted
ccordingly. The year 2009 was selected as a baseline because this
ear offered high-quality data that was represented a near-average
pen water season for Lake Mendota in terms of key state variables
uch as water temperature. Perturbations were applied for all-day
xposures and response surfaces were developed for each of the
hree two-way interactions (Kerimoglu and Rinke, 2013).

. Results

.1. Calibration results

The GLM-AED model was able to reproduce the observed
hysical, chemical, and biological variables of interest in Lake
endota (Table 2, Fig. 4) (see Methods section for details on

bserved/modeled data resolution and NMAE calculation). NMAE
alues for physical and chemical state variables fell within reported
iterature ranges from studies of numeric simulation of lakes,
xcept for epilimnetic DO and both epilimnetic and hypolimnetic
OC and DIC (Table 2). Despite being slightly outside literature

anges, the results of this study were found to be insensitive to
pilimnetic DO, and the DOC/DIC NMAE values were within normal
anges for chemical state variables. Simulated total phytoplankton
ynamics showed relatively good agreement with observed data;
owever, the simulation was unable to reproduce a large Aphani-
omenon bloom observed in 2008 (Fig. 5). Finally, AF values derived
rom simulated data showed agreement with those derived from
bserved data (Fig. 6).

.2. MLR  analysis of simulation results
Statistical models of the simulation results showed that the
hree meteorological drivers were highly significant predictors of
he simulated AF (all p ≤ 0.001). All-day increases in air temperature
nd relative humidity increased the simulated AF by 4.24 days ◦C−1
orological data file. (2) The GLM-AED model was run with scenario meteorological
mulated data were processed to derive the simulated anoxic factor.

and 0.464 days RH%−1 respectively, while changes in wind speed
altered the simulated AF by −15.9 days (m s−1)−1. The effects of
changing meteorological drivers during only daytime or nighttime
were less than the all-day effects (Table 3, Fig. 7a–c), suggest-
ing a positive correlation with exposure time. However, the effect
was not always proportional to the time of exposure. For example,
the effect of nighttime wind speed perturbations was  −14.0 days
(m s−1)−1, or 88% of the all-day effect (Table 3). When the effects
of daytime vs. nighttime wind speed perturbations on AF were
compared directly, without accounting for random perturbations
in air temperature or RH in the statistical model, the nighttime
wind speed perturbation effect (−11.6 days (m s−1)−1) was statisti-
cally greater (p < 0.001) than the daytime wind speed perturbation
effect (−7.57 days (m s−1)−1) (Fig. 7e). When similarly compared,
the daytime air temperature perturbation effect (2.19 days ◦C−1)
was statistically greater (p < 0.001) than the nighttime perturba-
tion effect of air temperature on AF (1.92 days ◦C−1) (Fig. 7d). There
was no statistical difference between daytime and nighttime RH
effects (p > 0.1) (Fig. 7f).

We investigated the contributions of anoxia duration and anoxic
area to �AF using regression analysis of the simulation results from
all-day driver perturbations scenarios. Anoxia duration described
78% of the variability in AF and mean thermocline depth described
21% of the variability in AF. This suggests that within the state space
of climate projections, the majority of future changes in AF will
likely be a result of changes in the timing of stratification processes.
Further, the day of stratification onset and the day of stratification
end (defined by a 1 ◦C water temperature difference between sur-
face/bottom waters sustained for at least 30 days) accounted for 62
and 54% of the variability in AF, respectively, suggesting approxi-
mately equal contributions.

MLR  analysis was also conducted for other physical, chemical
and biological lake state indices to attempt to better understand
the relationships between the meteorological drivers and lake
state variables, as well relationships and intersections with anoxia.
This analysis is supplementary to our primary analysis of AF, and
thus we present only some highlights. There was a strong rela-
tionship (all p ≤ 0.001) between each of the three meteorological
drivers and onset of stratification, end of stratification, and the
mean thermocline depth. In response to a 3 ◦C increase in air
temperature, the statistical models predicted stratification onset
would occur 6 days earlier, end 2 days later, and the mean thermo-
cline depth would be 1-m less (shallower)- each of which would
act to increase AF. A statistically significant (all p ≤ 0.001) rela-
tionship existed between each meteorological drivers and mean
hypolimnetic phosphate concentration. However, the statistical
model projected just a 0.02 mg-P/L−1 increase in mean hypolim-
netic phosphate concentration in response to a 3 ◦C increase in
air temperature. Finally, there was a significant relationship (all
p ≤ 0.01) between air temperature and RH and both mean total
phytoplankton and maximum total phytoplankton, but not for

wind speed. Increases in air temperature and RH were predicted
to decrease both mean and maximum total phytoplankton, albeit
by a magnitude of <0.5 mg-C/L−1 for our climate scenarios.
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Table  2
Model calibration and validation results as normalized mean absolute errors (NMAE) and the coefficient of determination (R2). Values presented are the mean of the results
of  the two  calibration or validation years. Neither metric incorporated volumetric weighting. Literature range represents numeric simulation studies on several different
lakes.

Calibration (2009 and 2010) Validation (2007 and 2008) Literature Range

State Variable NMAE R2 NMAE R2 NMAE

Water temperature (WT) 0.062 0.91 0.066 0.79 0.037d–0.084d

Dissolved oxygen (DO) 0.32 0.53 0.37 0.47 0.054d–0.32a

Hypolimnetic dissolved oxygen 0.14 0.85 0.18 0.75 0.29c

Nitrate (NO3
−) 0.39 0.87 0.65 0.78 0.28a–1.15d

Ammonium (NH4
+) 0.52 0.71 0.43 0.73 0.66b–1.8a

Filterable reactive phosphorus (PO4
3−) 0.36 0.69 0.61 0.73 0.81b–1.6a

Dissolved reactive silica (DRS) 0.56 0.69 0.48 0.67 –
Dissolved organic carbon (DOC) 0.21 0.50 0.29 0.48 0.053a

Dissolved inorganic carbon (DIC) 0.26 0.26 0.34 0.50 0.053a

a Kara et al. (2012) (values from three month period).
b Bruce et al. (2006).
c Gal et al. (2009).
d Trolle et al. (2011) (uses mean relative absolute error (RE)).

Table 3
Coefficients and standard errors for MLR  models that predicted changes in anoxic factor from changes in meteorological drivers (Nindividual = 500, Npooled = 2000, Nobserved = 17).

Time of Day Baseline Air Temperature Coefficient
[days ◦C−1]

Wind Speed Coefficient
[days (m s−1)−1]

Relative Humidity Coefficient
[days%−1]

All-day 2007 4.83 ± 0.07 −15.9 ± 0.9 0.491 ± 0.036
2008  3.96 ± 0.09 −20.1 ± 1.0 0.440 ± 0.043
2009  3.63 ± 0.08 −12.5 ± 0.9 0.386 ± 0.040
2010  4.23 ± 0.11 −21.4 ± 1.3 0.517 ± 0.056
Pooled 4.24 ± 0.09 −15.9 ± 1.0 0.464 ± 0.043

Daytime 2007 2.84 ± 0.09 −5.74 ± 1.11 0.404 ± 0.046
2008  2.00 ± 0.08 −7.27 ± 0.94 0.201 ± 0.039
2009  1.99 ± 0.07 −3.21 ± 0.90 0.0998 ± 0.0374
2010 1.90 ± 0.10 −10.7 ± 1.2 0.283 ± 0.052
Pooled 2.14 ± 0.09 −7.00 ± 1.06 0.267 ± 0.044

Nighttime 2007 2.73 ± 0.08 −11.0 ± 0.9 0.303 ± 0.039
2008  2.05 ± 0.07 −13.4 ± 0.8 0.225 ± 0.034
2009  1.28 ± 0.08 −8.29 ± 0.94 0.101 ± 0.038
2010  1.59 ± 0.10 −15.7 ± 1.2 0.255 ± 0.049
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Pooled 2.05 ± 0.09 

All-day  Observed 3.72 ± 2.35 

.3. MLR  analysis of observational data

We  used MLR  to test for significant relationships between mete-
rological drivers and AF in the observed data from 1995 to 2011.
he results were non-significant for all meteorological drivers
p > 0.1; n = 17) and moderate correlations were detected amongst
he observed meteorological variables, especially air temperature
nd relative humidity (r = −0.63) (Crawford and Duchon, 1999;
able 4). However, the observational data revealed the same effect
irection on AF for each of the meteorological driver variables, and
imilar effect magnitudes for air temperature and RH (Table 3). The
oefficient estimates for air temperature and RH were within 16%
f the estimates derived using pooled, all-day simulation data, but
ind speed showed greater differences. However, due to the non-

ignificance of the observed coefficients, this was not investigated
urther.

.4. Suitability of linear models

The MLR  models were able to reproduce the GLM-AED-
imulated AF reasonably well, except for scenarios resulting in
ubstantial decreases in the simulated AF. With all three mete-

rological driver predictors included in a statistical model, they
ogether explained 60, 25, and 26% of the variation in the AF in the
ll-day, daytime, and nighttime scenarios, respectively. Analysis of
he residual plots for the all-day MLR  model showed linearity, nor-
−14.0 ± 1.0 0.216 ± 0.042

−0.29 ± 1.57 0.54 +-/- 0.73

mality, and homoscedasticity, suggesting that the �AF response
can be adequately represented by a linear combination of �AT,
�WS  and �RH (residual plots not shown). Correlations amongst
the simulated meteorological drivers were all non-significant,
which was an outcome of the random perturbation design (Table 4).
Additionally, the AF values calculated from pooled MLR  models
showed linear agreement with GLM-AED-simulated AF (Fig. 8), fur-
ther suggesting that the linear model is adequate (i.e. comparable
with GLM-AED) to capture the effects of the meteorological vari-
ables on the AF. However, in cases where GLM-AED predicted large
decreases in AF, there were deviations from linearity because the
MLR  models predicted less extreme decreases in AF (Fig. 8a & b).
This usually occurred in cases of a negative �AT, positive �WS and
negative �RH (i.e. all meteorological driver perturbations acting to
decrease AF).

3.5. Application of linear models

The effect of perturbations in the meteorological drivers can-
not be compared directly because of differences in units. However,
the climate projections discussed in Section 2.6. Climate scenarios
can be coupled with the MLR  results to calculate the approximate

potential impact of each meteorological driver on AF. An air tem-
perature increase of 3 ◦C would lead to an approximate increase of
12.7 days season−1 in AF; a wind speed decrease of −0.25 m s−1 cor-
responds to an increase in AF of 4.0 days season−1; an RH increase of
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Fig. 4. Visual comparison of observed (left panels) and simulated (right panels) data for select state variables for the 2009 open water season: (a and b) water temperature;
(c  and d) dissolved oxygen; (e and f) nitrate; (g and h) phosphate.

Table 4
Meteorological driver variable correlation coefficients with p-value in parentheses for observed (lower/left section) and scenario (upper/right section) data.

Observed\Modeled Air Temp. Wind Speed Relative Humidity

Air Temp. 1 −0.031 (0.15) 0.0018 (0.93)
Wind  Speed 0.382 (0.13) 1 0.0007 (0.97)
Relative Humidity −0.63 (0.007) −0.33 (0.20) 1
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Fig. 5. Comparison of observed and simulated mean total phytoplankton c

Fig. 6. Time series of observed anoxic factor derived from NTL-LTER oxygen mea-
surements for the period 1995–2012, with simulated values shown for 2007–2010.
Whiskers show the minimum and maximum possible anoxic factor values given the
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emporal gaps in the observed oxygen data. Black bars represent the mean of the
xtremes, and the boxes represent the lower and upper quartiles.

% corresponds to an increase in AF of 2.8 days season−1. Therefore,
f the three meteorological drivers we investigated, air tempera-
ure has by far the greatest potential for impact on AF during the
atter half of the 21st century, followed by wind speed and then RH.

.6. Extremes testing results

The simulated AF exhibited a range of approximately
–120 days season−1 across the state space represented by mete-
rological driver perturbations of air temperature ±15 ◦C, wind
peed ±2 m s−1, and RH ±15% (Fig. 9). It is clear from the response
urfaces that there are many states (all points along any contour
ine) that result in the same AF. For example, an increase in air
emperature accompanied by an increase in wind speed could yield
he same AF as the baseline scenario. The highest simulated AF val-
es resulted from simultaneous increases in air temperature and
ecreases in wind speed. The most extreme scenarios included in

his analysis, while not expected to occur as a result of changing
limate, led to AF values as high as 120 days season−1, which is
ore than twice the normal AF value for Lake Mendota. The lowest

imulated AF value was 0 days season−1 (no anoxia), most notably
oncentration (0–8 m depth) for the simulated period of 2007–2010.

occurring under scenarios of decreased air temperature (greater
than 5 ◦C decrease) and increased wind speed (greater than 1 m s−1

increase). While again an unlikely scenario to be observed in the
future for Lake Mendota, this underscores the powerful influence
that meteorological drivers have on the oxic environment in a lake
ecosystem.

4. Discussion

4.1. Application of linear models

We interpreted the relative importance of a given meteoro-
logical driver variable based on the range of simulated AF values
across the climate change scenarios. As discussed in Section 3.5.
Application of linear models, air temperature has by far the great-
est potential for impact on AF, followed by wind speed and then
RH. However, increases in AF, driven by predicted increases in air
temperature (Katt-Reinders and Pomplun, 2011) may  be dampened
by changes in other meteorological variables that have the oppo-
site effect on AF. For example, increased wind speed could lead
to later stratification onset, earlier stratification breakdown, and
decreased thermal stability during stratified periods, all resulting
in decreased AF. These offsetting effects are clear in our air tem-
perature/wind speed response surface (Fig. 9a), and demonstrated
elsewhere (Kerimoglu and Rinke, 2013).

Across all of our scenario simulations, the range of AF predicted
from GLM-AED was ±15 days season−1 (black boxes in Fig. 9), and
was within the range of the observed system (Fig. 6). This natural
inter-annual variability could intensify climate driven increases in
AF. Higher AF may  enhance regeneration of phosphorus and pro-
mote greater phytoplankton blooms (Lopez-Urrutia, 2008; Wagner
and Adrian, 2009) and potentially lead to summertime fish kills for
species requiring the colder temperatures of the hypolimnion (Fang
et al., 2004).

The diurnal asymmetry of the meteorological variable effects on
AF suggest that it is important to drive numerical simulation mod-
els with sub-daily meteorological data. We  observed that the daily
mean value of a meteorological variable may not capture the full
effect of that driver on the lake system. For example, Lake Zurich
epilimnetic temperatures have been increasing at about the same

rate as daily minimum air temperatures, which is at a faster rate
than the daily mean air temperature (Livingstone, 2003). If simu-
lations are run without sub-daily data, responses like this could be
completely suppressed. Therefore, models could potentially under-
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Fig. 7. Comparison of effects (slope) of meteorological driver variables on anoxic factor for all-day, daytime and nighttime exposure to perturbations. Each point is a scenario
simulation. In each plot, the anoxic factor was regressed on a given meteorological driver variable, with underlying random perturbations in the remaining two meteorological
driver  variables. Panels a, b, and c show the simple linear regression lines for air temperature, wind speed, and relative humidity, respectively (S = slope, p = p-value for nonzero
effect).  In panels d, e, and f, Sday = daytime slope/effect; Snight = nighttime slope/effect; p = p-value for statistically significant difference in slope between day and night.
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Fig. 8. Regression comparison of results from the MLR  models and the GLM-AE

stimate future changes in lake ecosystems, especially for those
egions projected to experience diurnal asymmetry in the meteo-
ological variables themselves.

.2. MLR  analysis of simulation results

Diurnal asymmetry in driving variables may  be an important
actor in determining how lakes respond to future changes in mete-
rology. AF may  be more sensitive to nighttime changes in wind
peed as the lake becomes more responsive to wind mixing. Equiv-
lent daytime changes would be dampened by the stratifying forces
mposed by surface heating. Our results showing the greater impor-
ance of daytime air temperature to AF (Fig. 7d) are in contrast to
tudies of two European lakes that conclude that the daily min-
mum air temperature (occurring generally during the night) is
mportant for controlling epilimnetic temperature and thermal sta-
ility (Livingstone 2003; Wilhelm et al., 2006). The discrepancy
ith the two previously mentioned studies may  result from the

act that Lake Müggelsee was analyzed only during the stratified
eriod (Wilhelm et al., 2006), and Lake Zurich does not experience

omplete turnover each year (Livingstone, 2003). In contrast, Lake
endota is reliably dimictic, and our analyses extended beyond

he stratified period to include turnover in the spring and fall. It is
ossible that nighttime air temperature tends to have a stronger
ulations for the (a) all-day model, (b) daytime model, and (c) nighttime model.

influence on lake thermal structure and AF during stratified peri-
ods, and daytime air temperature has greater importance during
isothermal periods. If this is the case, the strong daytime air temper-
ature influence during isothermal periods may  have outweighed
the nighttime air temperature influence during stratified periods
in our study, resulting in a stronger net influence of daytime air
temperature influence on AF through the entire open water period.
Simulations focused on mixing regimes might help resolve this
issue. Finally, we  did not see a statistical difference between the
effects of daytime and nighttime RH perturbations on AF. Although
RH has been found to be significant in determining the equilibrium
temperature of the lake epilimnion (Wilhelm et al., 2006), there
was no significant difference between day and night effects on AF
within the range of projected changes in mean monthly RH (±6%).

In Lake Mendota, anoxia duration accounted for a much larger
portion of the simulated AF variability than did mean thermocline
depth (78% and 21%, respectively), likely because of the sensi-
tivity of lake thermal structure to destratifying forces, especially
around the transition periods between homothermy and stratifi-
cation. For example, a single windy day in the autumn when the

lake is cooling and at a low level of thermal stability could induce
turnover and complete mixing. However, this same windy day dur-
ing the mid-summer when the lake is strongly stratified might
only deepen the thermocline slightly. Under these circumstances,
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ig. 9. Response surface plots for the response of the GLM-AED-simulated anoxic fa
ture/wind speed, (b) air temperature/relative humidity, and (c) wind speed/relativ
cenarios used the regression analyses.

he windy autumn day has the potential to reduce AF by days or
ven weeks compared to the baseline, whereas the windy sum-
er  day would likely reduce the AF (by reducing anoxia area) by

ust fractions of equivalent anoxia days. This relationship is influ-
nced by lake morphometry, as a perfectly cylindrical lake with a
at bottom would not be influenced by mean thermocline depth
ince the anoxic sediment area would be constant regardless of the
noxic depth. Finally, our finding that stratification onset and decay
ccounted for approximately equal variability of anoxia duration
cross the scenarios is likely an artifact of our scenarios using con-
tant meteorological driver perturbations across the entire open
ater season. Further investigations that apply time-variable per-

urbations should yield more insight on how timing and intensity
f aberrations in meteorological drivers will affect AF and other
mergent properties.

Our analysis of the relationships between the meteorolog-
cal drivers and physical, chemical and biological lake state
ndices showed strong relationships between the meteorologi-
al drivers and lake physics, and weaker relationships between
he meteorological drivers and lake chemistry and biology. Due
o physical-biological coupling, any perturbation to a driver will
ffect all physical, chemical and biological state variables to some
egree, often in ways that are difficult to interpret. However, our
esults show that strong relationships exist between meteorolog-
cal drivers, lake thermal structure, and hypolimnetic anoxia, and

hat the projected rise in mean air temperatures will likely lead
o increased spatial and temporal extent of anoxia in temperate,
utrophic lakes.
 simultaneous perturbations in two meteorological driver variables: (a) air temper-
idity. Black rectangles approximate the state space included in the meteorological

4.3. Suitability of linear models

Simple linear models may  not adequately predict ecosystem
responses to extreme meteorological forcing or to subtle differ-
ences in diurnal variability. The MLR  models accounted for 83%
of the variability in the simulated AF for the all-day perturbations
and 56% of the variability in the simulated AF for both the daytime
and nighttime perturbations (Fig. 7). The MLR  models performed
worse for the daytime and nighttime perturbation scenarios likely
because of increased nonlinear effects when the meteorological
driver perturbations are applied for only part of the day, instead of
consistently across all hours of the day. Still, this is good agreement
considering a reduction in the number of model parameters of two
orders of magnitude from GLM-AED to the 3-parameter statistical
model. However, in each case (all-day, daytime and nighttime) the
least-squares line through the points has a slope of <1 (Fig. 7), mean-
ing that the MLR  models tended to predict less extreme changes in
AF as compared to GLM-AED. This is again likely due to nonlinear
processes that are captured by GLM-AED but not by the simple data-
based MLR  model. Therefore, the MLR  models are able to provide a
�AF estimate that is generally in agreement with GLM-AED, but the
MLR  models become less reliable as the magnitude of the meteo-
rological driver perturbations increase and the nonlinear process
effects become more apparent. This is especially evident in the
‘tails’ extending from the data point clusters in Fig. 7a-b where

the points fall well above the least squares line, indicating that
the MLR  model under-predicted the decrease in AF. Interestingly,
these tail points were generated under scenarios in which perturba-
tions in air temperature, wind speed, and relative humidity all acted
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o decrease AF, but not when the meteorological drivers acted to
ncrease AF. This suggests that GLM-AED processes that strengthen
tratification (and tend to increase AF) are more linear than GLM-
ED processes that weaken stratification (and tend to decrease AF).
ince stratification breakdown occurs in the model when the avail-
ble mixing energy exceeds the resistance to mixing due to density
tratification (Hipsey et al., 2014), the high nonlinearity observed
n the stratification breakdown process may  be the result of these
hresholds being exceeded.

.4. Goodness-of-fit

The fit between simulated and observed data as measured by
MAE was within literature ranges for all commonly reported state
ariables, except for epilimnetic DO, DOC and DIC (Table 2). For DO,
ypolimnetic DO was very well simulated (NMAE ≈ 0.16), and the
MAE for whole-lake DO was only slightly higher (worse) than

he literature range. The simulations overestimated epilimnetic
O, most likely as a result of exclusion of zooplankton from the
odel, leading to overestimated primary production. We  evaluated
hether the overestimation of epilimnetic DO had an effect on our

verall conclusions by artificially increasing phytoplankton respi-
ation parameters (leading to decreased DO) such that the NMAE for
ll depths was approximately 0.20. The increase in phytoplankton
espiration reduced the goodness-of-fit for most other state vari-
bles, especially phytoplankton. However, the results derived from
hese simulations yielded the same conclusions as did the original
imulations: all instances of significant (p < 0.01) effects of mete-
rological drivers, and significant differences in effects between
ltering meteorological drivers during only daytime and nighttime,
emained the same. Additionally, the MLR  coefficients (effects)
emained within ∼10% of the original results. These findings sug-
est that the simulated epilimnetic DO is satisfactory and that our
nferences about the anoxic factor are not particularly sensitive to

odest changes in phytoplankton net primary production. The fits
or DOC and DIC were worse than values reported by Kara et al.,
012. However the shorter simulation period (∼90 days) and lack
f major changes in thermal structure (i.e. no mixing events) in
ara et al. (2012)’s study likely resulted in a better fit for their
ata. The fit metrics for DOC and DIC were satisfactory in compar-
son to most other commonly-reported chemical state variables;
ll NMAE values were ≤0.34, compared to an average chemical
tate variable NMAE value of 0.51 reported in Kara et al. (2012).
inally, despite known challenges of biological calibration (Rigosi

able A1
efault values and final assigned values for calibrated GLM parameters. Default values in 

he  GLM website. All parameters not included in this table retained default values as pres

Parameter Name Description 

min  layer thick Minimum layer thickness 

max  layer thick Maximum layer thickness 

Kw Extinction coefficient for PAR radiation
ch  Bulk aerodynamic coefficient for sensible heat transfer 

ce  Bulk aerodynamic coefficient for latent heat transfer 

coef  wind drag Bulk aerodynamic coefficient for transfer of momentum
coef  mix  conv Mixing efficiency − convective overturn 

coef  wind stir Mixing efficiency − wind stirring 

coef  mix  shear Mixing efficiency − shear production 

coef  mix  turb Mixing efficiency − unsteady turbulence (acceleration)
coef  mix  KH Mixing efficiency − Kelvin- Helmholtz turbulent billow
coef  mix  hyp Mixing efficiency of hypolimnetic turbulence 
odelling 343 (2017) 39–53 51

et al., 2011), our model sufficiently captured total phytoplankton
dynamics, with the notable exception of a large Aphanizomenon
bloom (Fig. 5), highlighting the critical need for further progress in
simulation of phytoplankton blooms.

4.5. Conclusion & looking forward

Our study focused on the effects of changes in surface energy
forcing on anoxia. We  found that the projected rise in mean air
temperatures will likely lead to increased spatial and temporal
extent of anoxia in temperate, eutrophic lakes. Changes in water
balance and nutrient loading could have significant effects on
anoxia as well, potentially through alterations in mixing and oxy-
gen demand. Future numerical simulation studies should seek
to investigate anoxia response, as well as other chemical and
biological responses, to changes in exogenous drivers across a gra-
dient of lake types- including differences in morphometry, mixing
regimes, climatic exposure, water transparency, and trophic states.
Future studies should also seek to build on progress in numerical
simulation of phytoplankton, especially extreme events, as phy-
toplankton drive critical physical and chemical feedbacks through
water transparency and nutrient distribution, and have important
aesthetic and health consequences for lakes and reservoirs. Finally,
as computing, data collection, and modeling resources continue to
advance, the integration of climate, watershed, and lake models
has the potential to provide a deeper understanding of interac-
tions between climate, land use and water resources in our rapidly
changing and increasingly complex environment.
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Appendix A.

the table are the default values from the ‘coldlake’ example simulation available on
ented in the GLM science manual.

Units Default Value Assigned Value

m 0.5 0.1
m 1.5 1.0
m−1 0.2 0.25
– 0.0013 0.00132
– 0.0013 0.00112

 – 0.0013 0.00121
– 0.2 0.272
– 0.23 0.278
– 0.3 0.286

 – 0.51 0.526
s – 0.3 0.341

– 0.5 0.453
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Table  A2
Default values and final assigned values for calibrated AED parameters. Defaults are the parameter values from the AED science manual or Kara et al. (2012) providing the
best  initial fit. All parameters not included in this table retained default values as presented in the AED science manual.

Parameter Name Description Units Default Value Assigned Value

theta sed oxy Temperature multiplier for temperature dependence of sediment oxygen flux – 1.08 1.065
Ksed  oxy Half saturation constant for oxygen dependence of sediment oxygen flux mmol O2/m3 46.875 51.57
Fsed  oxy Maximum flux of oxygen across the sediment water interface into the sediment mmol O2/m2/d −14.375 −12.55
theta sed frp Temperature multiplier for temperature dependence of sediment phosphate flux – 1.08 1.032
Ksed  frp Half saturation constant for oxygen dependence of sediment phosphate flux mmol O2/m3 62.5 69.54
Fsed  frp Maximum flux of oxygen across the sediment water interface into the sediment mmol P/m2/d 0.4036 0.591
theta sed nit Temperature multiplier for temperature dependence of sediment nitrate flux – 1.08 1.055
Ksed  nit Half saturation constant for oxygen dependence of sediment nitrate flux mmol O2/m3 1562.5 1563
Fsed  nit Maximum flux of nitrate across the sediment water interface into the sediment mmol N/m2/d −8.5 −9.466
Rdenit Maximum rate of denitrification 1/d 0.05 0.065
Kdenit  Half saturation constant for oxygen dependence of denitrification mmol O2/m3 12.5 15.24
theta  sed doc Temperature multiplier for temperature dependence of sediment DOC flux – 1.08 1.085
theta doc miner Temperature multiplier for temperature dependence of DOC mineralization rate – 1.08 1.09
Ksed  doc Half saturation constant for oxygen dependence of sediment DOC flux mmol O2/m3 15.626 16.81
Rdoc  miner Maximum rate of mineralization of DOC 1/d 0.01 0.015
Fsed  doc Maximum flux of DOC across the sediment water interface into the sediment mmol C/m2/d 0.01 0.0440
theta sed dic Temperature multiplier for temperature dependence of sediment DIC flux – 1.08 1.021
Ksed  dic Half saturation constant for oxygen dependence of sediment DIC flux mmol O2/m3 20 24.338
Fsed  dic Maximum flux of DIC across the sediment water interface into the sediment mmol C/m2/d 3 4.908
theta  sed amm  Temperature multiplier for temperature dependence of sediment ammonium flux – 1.08 1.139
Ksed  amm  Half saturation constant for oxygen dependence of sediment ammonium flux mmol O2/m3 62.5 65.747
Fsed amm Maximum flux of ammonium across the sediment water interface into the sediment mmol N/m2/d 22.127 22.158
theta  sed rsi Temperature multiplier for temperature dependence of sediment silica flux – 1.08 1.030
Ksed rsi Half saturation constant for oxygen dependence of sediment silica flux mmol O2/m3 150 153.51
Fsed  rsi Maximum flux of silica across the sediment water interface into the sediment mmol Si/m2/d 1.8 (0.6 in science

manual)
0.975

Table A3
Default values and final assigned values for calibrated AED phytoplankton parameters. Default values are not presented as they do not necessarily reflect the biological
characteristics of the phytoplankton functional groups modeled in this study. All parameters not included in this table retained default values as presented in the AED science
manual.

Parameter Name Description Units Microcystis Aphanizomenon Chlorophytes Diatoms

Pmax Maximum phytoplankton growth rate of 20 ◦C 1/d 1.9 2.1 2.1 1.0
Tstd  Standard temperature ◦C 19 24 20 19
Topt  Optimum temperature ◦C 24 27 23 14
Tmax  Maximum temperature ◦C 35 35 33 21

on 

R

A

A

B

B
B

C

C

C

D

F

F

vT  Arrhenius temp scaling coefficient for growth 

kr  Phytoplankton respiration/metabolic loss rate of 20 ◦C 

vr  Arrhenius temperature scaling for phytoplankton respirati
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