Role of nonlinear dynamics in accelerated warming of Great Lakes

Sergey Kravtsov, Noriyuki Sugiyama and Paul Roebber

Abstract

In recent decades, the Laurentian Great Lakes have undergone rapid surface warming
with the summertime trends substantially exceeding the warming rates of surrounding
land. Warming of the deepest Lake Superior was the strongest, and that of the shallowest
Lake Erie — the weakest of all lakes. We investigate the dynamics of accelerated lake
warming in idealized coupled thermodynamic lake—ice—atmosphere models. These
models are shown to exhibit, under identical seasonally varying forcing, multiple possible
stable equilibrium cycles, or regimes, with different maximum summertime temperatures
and varying degrees of wintertime ice cover. The simulated lake response to linear
climate change in the presence of the atmospheric noise rationalizes the observed
accelerated warming of the lakes, the correlation between wintertime ice cover and next
summer’s lake-surface temperature, as well as higher warming trends of the (occasionally
wintertime ice-covered) deep-lake vs. shallow-lake regions, in terms of the corresponding
characteristics of the forced transitions between colder and warmer lake regimes. Since
the regime behavior in the models considered arises due to nonlinear dynamics rooted in
the ice—albedo feedback, this feedback is also the root cause of the accelerated lake
warming simulated by these models.

1 Introduction

In recent decades, a large number of lakes all over the globe have been undergoing
rapid increase in surface water temperature (Schneider et al. 2009; Schneider and Hook
2010; O’Reilly et al. 2015). Furthermore, many of the lakes exhibited summertime
warming trends exceeding the globally averaged surface temperature trend over land.
This is in sharp contrast with the observed oceanic surface warming, which was generally
smaller than the warming over land (see, for example, Manabe et al. 1991; Sutton et al.
2007; Joshi et al. 2008; Joshi and Gregory 2008; Byrne and O’Gorman 2012, among
others).

Despite that some of the ice-free lakes were exhibiting rapid warming (Schneider et al.
2009), the wintertime ice-covered lakes were found, on average, to warm significantly
faster than the ice-free lakes (O’Reilly et al. 2015), at the rates also exceeding those of
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ambient air temperatures. This accelerated warming appears to be associated with a
variety of climatic drivers and, interestingly, depends on the lakes morphology, with the
deepest lakes exhibiting the largest warming trends (Austin and Colman 2007; Hampton
et al. 2008; Zhong et al. 2016). Among Great Lakes, for example, Lake Superior (the
deepest) has the strongest, and Lake Erie (the shallowest) — the weakest surface
warming trend (Austin and Colman 2007). This dependence of the warming rates on
depth is also found within individual lakes (Fig. 1). Yet another interesting aspect of the
Great Lakes’ recent evolution, which also appears to depend on the depth of the lake, is
an apparent discontinuous jump in the time series of their summertime surface
temperature, lake’s heat content, and some other lake properties at around 1997-98. This
discontinuity was, once again, most pronounced in Lake Superior, and least pronounced
in Lake Erie (Van Cleave et al. 2014; Gronewold et al. 2015; Zhong et al. 2016).

The dynamical causes of the accelerated warming of mid-latitude lakes are still a
subject of debate. A combination of explanatory factors have been considered, such as
increases in incoming shortwave radiation and air temperature (Arvola et al. 2010;
Ackerman et al. 2013; Foster and Heidenger 2013; Fink et al. 2014; Gronewold et al.
2015), shorter lake-ice durations (Magnuson 2000), as well as an earlier onset and longer
duration of the summer stratification (Austin and Colman 2007; Austin and Allen 2011;
Piccolroaz et al. 2015; Zhong et al. 2016). Of the processes mentioned above, the direct
response to surface air temperature trends appears to dominate the surface warming of
small, shallow lakes (Toffolon et al. 2014), but other processes may be equally or more
important in determining the response of deeper, larger lakes (Zhong et al. 2016).

Since the seasonal presence of lake-ice is clearly a factor characterizing the majority
of the most rapidly warming lakes, the ice—albedo feedback has been suggested as a root
dynamical cause of accelerated lake warming (Austin and Colman 2007). In support of
this idea, Hanrahan et al. (2010) found a correlation between the amount of winter ice
cover and the summer surface water temperature of Lake Michigan. By contrast, Vavrus
et al. (1996), Gerbash et al. (2008) and Zhong et al. (2016) argue that the net influence of
lake ice on the lake’s response to ambient warming is limited due to compensation
between ice—albedo and insulating effects of the ice.

Here we address the multi-faceted problem of the accelerated lake warming using an
idealized lake—ice—atmosphere coupled model. The central result of this study is an
identification of multiple stable equilibrium seasonal cycles of the lakes (hereafter, the
lakes’ regional climate regimes) in our coupled model. These nonlinear regimes occur
throughout the range of model geometries we considered, from one-column lakes of
uniform depth to three-column lakes mimicking the geometry of individual Great Lakes,
and derive their existence from the lake-ice—albedo feedback. Global warming
experiments with our coupled model rationalize many qualitative and quantitative aspects
of the observed accelerated lake warming, including the dependence of the warming
trends on lake depth, the association between wintertime ice cover and next summer’s
surface temperatures, and abrupt regional climate change associated with transitions
between warm and cold lake-climate regimes.



2 Coupled lake—ice—atmosphere model

Adequately addressing dynamics of the Great Lakes’ regional climate variability
requires faithful simulation of the lake/lake-ice seasonal cycle. Typically, lake
temperatures remain vertically homogenous throughout a substantial portion of the spring
and fall seasons, and the lakes become stratified in winter and summer (Fig. 2); the lake

ice appears when lake-surface temperatures cool below 0°C. The previous formulations of
the one-dimensional lake models (e.g., Hostetler and Bartlein 1990) exhibited substantial
biases in the duration of both the stratified and lake-ice seasons of deep lakes (Martynov
et al. 2010). We introduced improvements in the lake-model vertical mixing scheme to
alleviate these biases and developed a coupled configuration of the model with an
interactive atmosphere to address lakes’ regional climate change.

a) Model geometry and experimental set up. We considered an idealized lake that
has n lake columns characterized by a variable time- and depth-dependent temperature. If
n =1, the lake has a uniform depth; we also considered the case with n = 3 to model the
lakes with non-trivial bathymetry. The lake is surrounded by land and overlaid by two
atmospheric layers (Fig. 3). Lake columns do not exchange heat horizontally, and we
assume no heat transport through the bottom of the lake. The lake absorbs and emits
radiation and exchanges heat with the lower atmospheric layer at the surface. The lower
atmospheric layer, nominally the atmospheric boundary layer, is divided into parts whose
boundaries coincide with those of lake columns or land; each part has a distinct variable
temperature predicted by the coupled model equations, and we allow lateral heat
transport between adjacent parts of this layer. On the other hand, the uppermost layer
represents the lower free atmosphere and has a specified variable temperature T, ,,, which
enters the formulation of the model’s forcing in both stationary and global-warming
experiments (see below). The model behavior is a function of a number of free
parameters. Two such parameters are the relative size of land surrounding the lake and
the efficiency of heat transport within the atmospheric boundary layer; both parameters
affect the magnitude of the lake’s simulated warming trend.

b) Lake model. The individual columns of the lake model are governed by the one-
dimensional model formulation of Hostetler and Bartlein (1990), with empirical
improvements in its so-called enhanced minimum diffusion scheme on top of the
modifications suggested by Fang and Stephan (1998) and Bennington et al. (2014). These
further modifications were designed to achieve better modeling of the lakes’ seasonal
cycle, in particular in conjunction with the correct simulation of the onset date and
duration of the summer stratification season, which is notoriously difficult to simulate in
one-dimensional deep-lake models (see Martynov et al. 2010; Subin et al. 2012;
Bennington et al. 2014; Zhong et al. 2016). Simulations with our modified uncoupled
lake—lake-ice model driven by the observed variable atmospheric radiation, surface
temperature and wind result in a fairly good match between the simulated lake
temperatures (Fig. 2) and observations thereof (not shown here).

¢) Ice model. The lake ice is simulated using one-dimensional thermodynamic sea-ice
model of Semtner (1976) modified to exclude the effects of brine pockets and explicit



representation of the snow cover. To account for the latter, we instead set the surface
albedo of the ice exceeding the 10-cm thickness to 0.45, which is between the typical ice
and snow albedo; the surface albedo for the ice thickness # between 0 and 10 cm in our
model changes linearly from 0.05 (open water value) to 0.45. For simplicity, we ignore
the insulating effects of snow. The type of the ice model we used was also different
depending on the ice thickness. In particular, we used what Semtner (1976) called the O-
layer model for the thin ice (h < 10 cm), and the four-layer ice model otherwise. We find
that the multi-layer ice model leads to simulating a more realistic — shorter — ice-season
duration compared to the 0-layer models described in Hostetler and Bartlein (1990),
especially for deep lakes.

d) Atmospheric component, coupling and external forcing. An active atmospheric
boundary layer is assumed to have zero heat capacity and is thus always balanced in
terms of the incoming and outgoing heat fluxes, which include long-wave and short-wave
radiation, sensible and latent heat exchange with the lake or ice — parameterized via bulk
formulas, — as well as lateral diffusive heat transports between adjacent atmospheric
columns. The external forcing in the model reflects the periodic seasonal dependence in
the shortwave radiation SW (which is all transmitted through the atmosphere and
absorbed by the lake or land), free-atmosphere temperature Ty ,, and surface wind speed
u:

SW(t) = SW + 125 cos(2m(t — 172)/365), (1)
Tou(t) =T + 16 cos(2m(t — 180)/365 ), )
u(t) = 7.5 —2.5cos(2m(t — 195)/365). 3)

The units here are W m™? for heat fluxes, °C for temperatures and m s~ for wind
speeds; time ¢ is measured in days. The SW and T denote the annual-mean values of
short-wave radiation and free-atmosphere temperature. The amplitude of Ty ,, (t) was
chosen so that the simulated surface water temperature seasonal variation roughly
matched that of Great Lakes. The seasonal variation of u(t) was chosen based on the fact

that the climatological surface wind speed over land surrounding the Great Lakes is

roughly 5 or 6 m s~ in winter and 3 or 4 m s~! in summer, and that surface wind speed is

generally greater over the Great Lakes than over land. For the single-column lake

experiments, we set SW=175W m_z, which is comparable to the amount of downward
shortwave radiation in the Great Lakes region. The phase shift in the formula of
downward shortwave radiation was chosen so that the radiation reaches its maximum
value on June 21-st, but the phase shifts in the formulas of the other two quantities are
somewhat arbitrary, except to ensure that the free-atmosphere temperature reaches its
maximum value in summer and surface wind speed in winter.

Below, we will extensively analyze the numerical experiments in which the free-
atmosphere annual-mean temperature T exhibits a linear trend of +0.04 °C per year
and/or quasi-periodic or stochastic interannual variability.



3 Multiple regimes in lakes of uniform depth

a) Hysteresis behavior. To identify multiple stable equilibrium seasonal cycles of the
lakes, we computed the hysteresis curves in the phase plane of the lake’s maximum
(summertime) surface water temperature and the concurrent annual-mean free-
atmosphere temperature (Fig. 4). We first used a steady (seasonally periodic) forcing
with the low value of the annual-mean free-atmosphere temperature T to reach a
seasonally varying lake equilibrium characterized by abundant wintertime ice cover and

low summertime surface temperatures. We then added a linear trend of +0.04°C per year
to T and followed the evolution of the lake’s seasonal cycle (red curves in Fig. 4). This
trend is slow enough that the resulting forcing is essentially quasi-stationary, and leads to
the lake seasonal cycle initially exhibiting gradual changes, with progressively less
wintertime ice cover (not shown) and progressively warmer summertime temperature.
This behavior ends when the lake abruptly transitions, at some value of the free-
atmosphere temperature Tmax, to the wintertime ice-free state (not shown), which has a
higher maximum (summertime) lake-surface temperature. Upon this transition, the ice-
free warm state resumes gradual linear changes under a continued free-atmosphere
temperature trend. Starting from the rightmost part of the hysteresis diagrams in Fig. 4,
we now reverse the sign of the annual-mean free-atmosphere temperature trend, making

it equal to —0.04°C per year (blue curves). The ice-free state gradually cools down until it
reaches another threshold value of the free-atmosphere temperature 7min and transitions
abruptly back to the cold regime with substantial wintertime lake ice cover. Further slow
decrease of the T forcing results in the quasi-stationary and linear lake-temperature
changes along the original line of the experiment with the warming trend.

In the range of the annual-mean upper air temperature forcing between Tmin and Tmax,
the seasonally varying warm and cold climate regimes described above coexist. The
occurrence of multiple equilibrium seasonal cycles of the lakes crucially depends on the
lake-ice—albedo feedback — we obtained no evidence of multiple regimes in any
simulations in which the ice-surface albedo was made equal to that of water (green
curves).

b) Multiple regimes in one-column lakes of different depths. Different panels of
Fig. 6 correspond to the hysteresis diagrams computed for the one-column coupled lake
models of different depths. We observe that: (i) the multiple regimes of deeper lakes
occur at colder values of T forcing compared to the multiple regimes of shallower lakes;
(i1) the range Tmax— Tmin Of T in which the two regimes exist simultaneously is larger for
deeper lakes; and (iii) the difference in the maximum summertime temperature between
the two regimes is also larger for deeper lakes.

All of these properties can be rationalized by studying seasonal cycles of the shallow
and deep lakes in their cold and warm regimes (Fig. 5). Throughout most of the cold
season, the lake water remains vertically mixed throughout the whole column for
shallower lakes and over the depths exceeding 100 m or more for deeper lakes (see, for
example, Assel 1986). Hence, a deeper lake has a larger thermal inertia and it takes more
forcing (and colder free-atmosphere temperatures) to cool it down to freezing



temperature and form ice in winter, explaining the property (i) above.

Properties (ii) and (iii) also have to do with a larger effective thermal inertia of deep
lakes vs. that of the shallow lakes, albeit not quite as directly as the property (i). The
ultimate reason behind (ii) and (iii) is that shallower lakes exhibit a longer stratified
season in summer than deeper lakes (see Fig. 5). This is due, in turn, to an earlier onset of
the spring overturn (which happens when the surface temperature reaches the value of
3.98°C corresponding to the largest density of water) in shallow regions of the lakes. By
contrast, deeper lake columns have more water to mix, so the vertical density profile of a
deeper lake remains nearly homogeneous and its surface temperature remains just below
the maximum density threshold of 3.98°C longer than that of a shallower lake. An earlier
spring overturn and an earlier formation of the summertime surface mixed layer in
shallow lake areas is also a feature of the observed seasonal cycles of the lakes (not
shown).

A typical depth of the summertime surface mixed layer of the Great Lakes is 10-20 m,
so this layer’s thermal inertia is really small (see, for example, Assel 1986; McCormick
1998), and it responds to the atmospheric forcing fairly quickly. A longer duration of the
summertime stratified season in shallower lakes thus translates to a longer time to
efficiently alleviate the differences in the maximum summertime temperature between
the cold and warm regimes — which dynamically originate earlier, in the cold season,
due to workings of the ice—albedo feedback — via radiation and sensible/latent heat loss
to the atmosphere [property (ii1)]. Property (ii) is a byproduct of property (iii): the smaller
the temperature ‘gap’ between the two regimes is, the smaller is the range of free-
atmosphere temperature Tmax — Tmin 1s in Which these regimes coexist.

The consequence of properties (ii) and (iii) is that shallower lakes transition from one
regime to the other more easily than deeper lakes in response to forcing. In particular,
under the action of atmospheric noise with amplitude between the temperature ‘gap’
values Tmax — Tmin characterizing a shallow lake and a deep lake, the regime behavior of
the shallow lake may not be immediately apparent as the temperature ‘trajectory’ would
wander chaotically between the two regimes. On the other hand, the deep lake in this case
would be characterized by quasi-stable regime behavior, possibly with occasional and
easily identifiable transitions between the two regimes. These properties help explain
amplification of the surface warming trends of deeper lakes vs. shallower lakes in the
presence of global warming and atmospheric noise (see section 5).

4 Multiple regimes in three-column lakes

In this section, we study the behavior of three-column lakes (Fig. 3) whose bathymetry
characteristics are chosen to approximate some of the Great Lakes (Table 1). Lake 1 is
the deepest lake whose average depth approximates that of Lake Superior, Lake 3
(“Erie”) is the shallowest, and Lake 2 ("Michigan™) has an intermediate depth. The SW

forcing parameters [see Eq. (1)] for these lakes — 175 W m~2 (Lake 1), 190 W m~2 (Lake



2), and 195 W m™2 (Lake 3) — are also roughly comparable to the amounts of long-term
mean shortwave radiation over Lakes Superior, Michigan, and Erie.

Figure 6 (left) presents the hysteresis curves or the deepest column of Lake 2
computed in the same way as for the one-column lake of section 3 (Fig. 4). Similar to the
case of single-column lakes in Fig. 4, the Lake-2 three-column model without the ice—
albedo effect does not have multiple climate regimes. By contrast, the full version of
three-column model in which the ice albedo is much higher than that of the open water
can have up to three different climate regimes for certain values of T the cold regime in
which ice covers the entire lake surface during winter, the intermediate regime with ice
covering only the intermediate-depth and the shallowest lake columns during winter, and
the warm regime with only the shallowest lake column covered with ice in winter. The
three sets of hysteresis curves in Fig. 6 (right) show the maximum (summertime)
temperature for the three columns: the deepest (black), intermediate-depth (cyan) and the
shallowest column (red), as a function of T.

The bifurcation diagram for the shallowest Lake-3 model (Fig. 7) is qualitatively
different from that for Lake 2 in that the regime transitions are spread out along the T
axis, and we do not find a range of T in which more than two regimes coexist. The three
sets of regime transitions in this case correspond to the transitions of the deepest,
intermediate-depth, and shallowest lake columns from their respective wintertime ice-
covered to perennially ice-free states, respectively. The T thresholds for this transition are

the lowest (=0.4°C, —0.2°C) for the deepest lake column, intermediate (1.4°C, 2.4°C) for

the intermediate-depth column and the highest (2.4°C, 2.6°C) for the shallowest lake
column,; this is consistent with the property (i) of section 3. Furthermore, the gaps
between maximum (summertime) temperature of warmer-vs.-colder regimes within each
regime pair are in general much smaller than for the Lake-2 regimes, in accord with
property (iii) of the one-column models in section 3. Note, however, that the relative
sizes of these gaps are not merely the function of the lake depth, as in one-column
models, but also depend on the relative areas of the lake columns (Table 1) and the
efficiency of the horizontal atmospheric heat transport (not shown).

In summary, while the regime structure of the three-column lakes is more complex
than that of flat-bottom lakes, the properties of the regimes and, in particular, their
dependence on the lake depth in the two cases, are consistent.

5 Response of lakes to global warming

a) Lacustrine regional amplification of global warming. The bifurcation diagrams
of the previous section were obtained by adding linear trends to the annual-mean free-
atmosphere temperature T. We now examine the evolution of three-column lake models
under such warming trend (of 0.04° C per year) to gain insight into how the lake
dynamics may amplify global warming on a regional scale. In the experiments of this
section, we also added an idealized interannual variability on top of the linear global



warming signal in T, by introducing alternating biennial anomalies of +2°C to the T time
series. The standard deviation of the resulting interannual variability is similar to the
observed variations (not shown).

For each of our three idealized lake models, we started with atmospheric conditions
cold enough to freeze the entire lake in winter, and followed the evolution of the lakes’
seasonal cycle in a long global-warming simulation set up as described above. We then
computed the slopes of linear trends in the annual-mean lake-surface temperature for
each lake column over the 20-yr sliding window. The resulting values of the maximum
warming rates are listed in Table 2. Note that these warming trends all exceed the global
warming rate of 0.04° C per year, are largest for the deepest Lake 1 and smallest for the
shallowest Lake 3, in accordance with observations (section 1). We also recover the
observed correlation between lake-column depth and surface warming rates within each
lake, with the deepest lake columns exhibiting the largest warming rates.

The latter properties in our global warming experiments stem from the fact that the
peak warming rates of the lakes arise due to transitions between the lake regimes, as cold
regimes are gradually becoming less and less likely under the global warming. The peak
differences between cold and warm regimes of deep lakes are larger than those between
the regimes of shallow lakes (see sections 3 and 4); hence, deep lakes tend to exhibit
larger warming rates. Furthermore, since the dynamical inertia of the shallow lakes is
smaller, they are more likely to transition back and forth between their cold and warm
regimes due interannual atmospheric variability compared to the deep lakes. These
multiple transitions smear out the peak warming rates of shallow lakes even further.

b) Discontinuous behavior of deep lakes. Finally, we present, in Fig. 8, an example
of simulation with our Lake 2 forced by a combination of linear global warming trend in
T and random Gaussian noise in both T and SW , with the standard deviations of 2°C and
6 Wm?, respectively; these values are consistent with observations of atmospheric
interannual variability. The lake starts from the cold regime at low values of T and. As T
gradually warms, the lake starts to transition back and forth between its colder and
warmer regimes before arriving permanently to its final warm state. In the first half of the
time series, the lake’s cold regime is preferred, with the lake only experiencing
occasional transitions to the warm regime for one or two years (where the minimum
temperature remains above freezing throughout the year). In the second half of the time
series though, the situation is completely reversed, with the warm regime being clearly
dominant (ice only reappears in this column twice after the simulation year 90). This
simulation qualitatively mimics the behavior of Lake Superior. Prior to 1997, this lake’s
climate was dominated by cold regime with an extensive wintertime ice cover (maximum
> 80%) and low summertime temperatures. After 1998, the lakes switched to the warm
regime with maximum ice cover < 60% and warm lake temperature in summer: during
this period, the lake’s cold regime appeared three times, in years 2003, 2009, and 2014—
15, but neither of these occurrences lasted more than two years.

The multiple stochastically forced transitions introduce an apparent decadal variability
in the lake-temperature time series, consistent with the interannual memory of deep lakes,
and ‘diffuse’ the lake warming to occupy a longer time interval. Still, note the jump-like



character of the lake-temperature time series in Fig. 8, with a clear step-like increase in
maximum summertime water temperature around year 88 of simulation (equivalent to
year 1998 in the case of the observed Lake Superior transition to its warm regime). By
contrast, the time series of surface-water temperatures of shallower lakes exhibit less
clear regime transitions (not shown), due to their smaller thermal and dynamical inertia.
Hence, we expect the discontinuous regime behavior to be most pronounced for the
deepest lakes like Lake Superior, and less so for shallower lakes.

6 Conclusions

The main result of the present study is that nonlinear dynamics operating in our
coupled lake—ice—atmosphere model allow us to faithfully simulate large amplification of
the global warming signal in deep-lake areas, as was observed in the Great Lake region
during recent decades. These dynamics manifest in the existence of multiple regional
climate regimes of the lakes — that is, distinct seasonal cycles of the lakes, with warmer
or colder summertime temperatures and less or more extensive wintertime ice cover, —
arising under the identical seasonally varying forcing. The persistence characteristics and
sheer differences between the regimes depend on the depth of the lake. Deep lakes, which
have a large thermal/dynamical inertia, exhibit large differences between the regimes and
are resilient to external perturbations, whereas the differences between shallow-lake
regimes are less pronounced, and the transitions between them under interannual
atmospheric variability are easier to achieve. Hence, the deep lakes exhibit a stronger—
often jump-like — response to global warming forcing as they undergo changes toward a
state in which their warmer regimes gradually become progressively more likely,
consistent with observations.

The regimes in our model only occur in the presence of the ice—albedo feedback
nonlinearity; therefore, our results corroborate Austin and Colman’s (2007) original
hypothesis about the central role of this feedback in the accelerated warming of Lake
Superior. Our hypothesis of nonlinear regime dynamics behind the lacustrine regional
amplification of global warming is, however, novel, and complements a rich spectrum of
existing theories (see section 1). Sorting out relative contributions to the lake warming
from a large suite of possible linear and nonlinear mechanisms will require further work.

Nonlinear regimes due to ice—albedo feedback have been studied before in a variety of
climatic problems, including that of glacial-to-interglacial transitions which involve land-
ice and sea-ice feedbacks, as well as in addressing a possibility of abrupt changes in
Arctic sea ice under climate change (see Merryfield et al. 2008 for a review). Our present
study revisits this concept in a novel context of the regional climate change and provides
a new framework for assessing and understanding climatic effects of mid-latitude lakes.
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Table captions

Table 1: Geometry of three-column lake models. Lake 1 mimics Lake Superior, Lake 2
— Michigan and Lake 3 — Erie.

Table 2: The peak warming trends (°C per year) in the annual-mean surface-water
temperature for the three idealized lake models from Table 1 subjected to the linear
trend of 0.04 °C per year plus a periodic interannual variability: see text for details.
The warming trends were computed using the 20-yr moving-window linear least-
square trends of lake-surface temperature.

Figure captions

Fig. 1: The 1995-2012 warming trend in the annual-mean surface water temperature
versus water depth for Great Lakes. The trends were spatially averaged over the areas
of a given depth within each lake (see panel captions). These results are based on the
satellite observations of surface temperature from the Great Lakes Surface
Environmental Analysis (GLSEA) operated by NOAA’s Great Lakes Environmental
Research Laboratory (GLERL).

Fig. 2: A simulation of temperature (°C) below buoy station 45002 in northern Lake
Michigan, for the year 1996. The purple stripes correspond to the regions where
temperature is 3.98 + 0.05°C. The vertical grid spacing is 5 m.

Fig. 3: Geometry of the coupled model with three-column lake component. Top panel:
cross-section; bottom panel: plan view.

Fig. 4: The hysteresis diagrams in the phase plane of maximum (summertime) surface
water temperature for the lakes of different depths (see panel captions) and the
concurrent annual-mean lower free atmosphere’s temperature forcing T. The blue
curves indicate the evolution of maximum surface water temperature when T slowly
warms at the rate of +0.04°C per year. The red curves indicate the evolution of
maximum surface water temperature when T slowly cools at the rate of +0.04 °C per
year. The ice albedo is at the default value of 0.45. For comparison, the green curves
show the results of simulations with the ice albedo set to the water albedo of 0.05,
which exhibit no difference between the slow warming and slow cooling results. Units
are °C.
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Fig. 5: Seasonal cycle of lake temperature in °C for the 100-m-deep lake (left column)
and 50-m-deep lake (right column). Top row: cold regime; bottom row: warm regime.
The purple stripes correspond to the regions where temperature is 3.98 + 0.05°C.

Fig. 6: Left: The hysteresis diagram in the phase plane of maximum (summertime)
surface water temperature for the deepest column of Lake 2 and the concurrent annual-
mean free-atmosphere temperature forcing T. We consider two cases: simulations with
the ice albedo at the default value of 0.45 (black) and simulations with the ice albedo
set to the water albedo of 0.05 (green). Units are °C. This figure is analogous to Fig. 4
for the one-column lake model. Right: The hysteresis diagrams of maximum
(summertime) surface water temperature for Lake-2 model’s deep (black),
intermediate (cyan) and shallow (red) columns, shown together. The ice albedo here is
at the default value of 0.45.

Fig. 7: Top: The hysteresis diagrams of maximum (summertime) surface water
temperature for Lake-3 model’s deep (black), intermediate (cyan) and shallow (red)
columns. This figure is analogous to Fig. 6 (right).

Fig. 8: A realization of the “global warming” experiment (forced by the steady 0.04°C
per year trend in the upper-air annual-mean temperature T) with superimposed
atmospheric stochastic forcing for Lake 2. Shown are the time series of the maximum

(green) and minimum (blue) surface water temperatures of the deepest column of Lake
2.
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Table 1: Geometry of three-column lake models. Lake 1 mimics Lake Superior, Lake 2
— Michigan and Lake 3 — Erie.

Lake 1 | Depth (m)

Fractional area

Column 1 50 0.1
Column 2 150 0.5
Column 3 225 0.3

Land - 0.1

Lake 2 | Depth (m)

Fractional area

Column 1 30 0.2
Column 2 80 0.5
Column 3 140 0.2

Land - 0.1

Lake 3 | Depth (m)

Fractional area

Column 1 15 0.4
Column 2 20 0.4
Column 3 40 0.1

Land - 0.1

Table 2: The peak warming trends (°C per year) in the annual-mean surface-water
temperature for the three idealized lake models from Table 1 subjected to the linear trend
0f 0.04 °C per year plus a periodic interannual variability: see text for details. The
warming trends were computed using the 20-yr moving-window linear least-square

trends of lake-surface temperature.

Warming-trend Shallow Intermediate Deep column Overall
column column
Lake 1 0.137 0.171 0.183 0.171
Lake 2 0.090 0.119 0.129 0.116
Lake 3 0.063 0.085 0.092 0.076

15




Lake Superior Lake Michigan

- 0.1
J
0.08} |
0.06}
0 100 200 300 0 100 200
Lake Huron Lake Ontario
0.0 : - 0.1 : :
S 0.08 " 0.09
ENa| | N
$ 0.07} ' 0.08} ]
©
S 0.06 | 0.07!
= 0.05 . 1 0.06 . :
0 100 200 0 100 200
Water Depth (m) Water Depth (m)

Fig. 1: The 1995-2012 warming trend in the annual-mean surface water temperature
versus water depth for Great Lakes. The trends were spatially averaged over the areas of
a given depth within each lake (see panel captions). These results are based on the
satellite observations of surface temperature from the Great Lakes Surface Environmental
Analysis (GLSEA) operated by NOAA’s Great Lakes Environmental Research
Laboratory (GLERL).
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Temperature (°C) below Buoy Station 45002
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Fig. 2: A simulation of temperature (°C) below buoy station 45002 in northern Lake
Michigan, for the year 1996. The purple stripes correspond to the regions where
temperature is 3.98 £+ 0.05°C. The vertical grid spacing is 5 m.
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Fig. 3: Geometry of the coupled model with three-column lake component. Top panel:
cross-section; bottom panel: plan view.
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Fig. 4: The hysteresis diagrams in the phase plane of maximum (summertime) surface
water temperature for the lakes of different depths (see panel captions) and the
concurrent annual-mean lower free atmosphere’s temperature forcing T. The blue
curves indicate the evolution of maximum surface water temperature when T slowly
warms at the rate of +0.04°C per year. The red curves indicate the evolution of
maximum surface water temperature when T slowly cools at the rate of +0.04 °C per
year. The ice albedo is at the default value of 0.45. For comparison, the green curves
show the results of simulations with the ice albedo set to the water albedo of 0.05,
which exhibit no difference between the slow warming and slow cooling results. Units
are °C.
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Fig. 5: Seasonal cycle of lake temperature in °C for the 100-m-deep lake (left column)
and 50-m-deep lake (right column). Top row: cold regime; bottom row: warm regime.
The purple stripes correspond to the regions where temperature is 3.98 + 0.05°C.
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Hysteresis of 3-Column Lake
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Fig. 6: Left: The hysteresis diagram in the phase plane of maximum (summertime)
surface water temperature for the deepest column of Lake 2 and the concurrent annual-
mean free-atmosphere temperature forcing T. We consider two cases: simulations with
the ice albedo at the default value of 0.45 (black) and simulations with the ice albedo set
to the water albedo of 0.05 (green). Units are °C. This figure is analogous to Fig. 4 for the
one-column lake model. Right: The hysteresis diagrams of maximum (summertime)
surface water temperature for Lake-2 model’s deep (black), intermediate (cyan) and

shallow (red) columns, shown together. The ice albedo here is at the default value of
0.45.
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Hysteresis of 3-Column Lake
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Fig. 7: Top: The hysteresis diagrams of maximum (summertime) surface water
temperature for Lake-3 model’s deep (black), intermediate (cyan) and shallow (red)
columns. This figure is analogous to Fig. 6 (right).
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Fig. 8: A realization of the "global warming” experiment (forced by the steady 0.04°C
per year trend in the upper-air annual-mean temperature T') with superimposed
atmospheric stochastic forcing for Lake 2. Shown are the time series of the maximum

(green) and minimum (blue) surface water temperatures of the deepest column of Lake
2.
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