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ABSTRACT
A one-dimensional dynamic lake model is presented as a candidate for simulating small unresolved lakes
within the land surface scheme of a regional or global climate model. This model is based largely on wellestablished process algorithms with some exceptions. The complete nonlinear surface energy balance is
computed in a skin layer of arbitrary thickness in order to ensure rapid response times with the atmosphere.
Turbulent mixing in the surface mixed layer is achieved through stirring and buoyancy production as well as
shear production along the diurnal thermocline. The net effect of Kelvin–Helmholtz instability on thermocline structure is grossly accounted for by computing a linear temperature profile within a thermocline
layer. The energetics of billowing is not considered; however, a significant thermocline leakage term is
included. The model has been incorporated into the Canadian Land Surface Scheme and used to estimate
regional turbulent sensible and latent heat fluxes over the Experimental Lakes Area in the boreal forest of
northwestern Ontario—an area about 30% lake covered. It is demonstrated that the presence of open water
has a significant effect on the net flux exchange with the atmosphere in this region. Sensible heat flux to the
atmosphere is suppressed during the summer stratified period but enhanced in the fall, resulting in an increased accumulation of about 5% by the end of the open water season due to the presence of lakes. Turbulent
latent heat flux to the atmosphere is more enhanced during autumn, with a final accumulation about 24%
larger.

1. Introduction
While there is growing interest in understanding the
role of terrestrial open water surfaces (lakes, ponds, and
impoundments) in global and regional climate systems,
few climate modeling efforts to date have incorporated
fully the level of process understanding developed in the
physical limnology community over many years. Early
studies represented lakes as areas of saturated soil with
modified roughness and albedo (Pitman 1991) or wellmixed (i.e., isothermal) slabs of water (e.g., Ljungemyr
et al. 1996), but since then it has generally been recognized that in order to represent diurnal and seasonal
variability in lake surface temperatures (and thus lake–
atmosphere flux exchange) correctly, thermal stratification
models must be used. As pointed out by HendersonSellers and Davies (1989), these generally fall into two
complementary categories: differential (eddy diffusion)
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models and bulk mixed-layer (integral) models. While
each approach has its strengths and weaknesses, of the
two Henderson-Sellers and Davies clearly favor the
former. Based on this approach and an analytic proposition for eddy diffusivity due to Henderson-Sellers
(1985), Hostetler and Bartlein (1990) developed a onedimensional (1D) eddy diffusion lake model that has become the basis of several climate modeling studies over
North America (e.g., Bates et al. 1995; Hostetler and
Giorgi 1995; Krinner 2003; for a full review see MacKay
at al. 2009). European studies also appear to favor an
eddy diffusion approach, most commonly employing the
two equation k–« model of turbulence (e.g., Sahlberg
1988; Elo 2005, 2007).
On the other hand, integral models (e.g., Niiler and
Kraus 1977) do not appear to have been adapted for
coupled lake–atmosphere modeling studies, despite their
successful use in studies of individual lakes and reservoirs (e.g., Imberger 1985; Spigel et al. 1986). It is not
clear why this is the case, though Henderson-Sellers and
Davies (1989) suggest this class of models requires significant tuning, and questions their numerical stability and
their ability to simulate the seasonal cycle. The present
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study demonstrates that these fears appear unfounded,
and adapts a bulk mixed-layer model for general use in
a land surface scheme of a global or regional climate model.
This approach appears to have no issues of numerical
stability and requires no tuning (or optionally, one parameter can be tuned—see below). In addition, physical
processes (e.g., related to mixing) can be added in a
straightforward fashion and/or examined in the context of
a changing climate—something difficult to do for highly
empirical formulations of eddy diffusivity. Finally, it is
perhaps worth pointing out that the particular eddy diffusivity formulation of Henderson-Sellers (1985) depends
on Ekman theory, which cannot be relevant for a large
number of North American lakes and reservoirs too small
to sense the earth’s rotation, but nevertheless stratify and
are of interest in the climate system.
Recently, a third approach to the problem of representing lakes in atmospheric models has been promoted.
In FLake (e.g., Mironov et al. 2010) a surface mixed
layer is computed (as in the present study), but the
thermocline—which is assumed to extend to lake
bottom—follows an assumed profile. While computationally very efficient, like the eddy diffusivity approach
of Henderson-Sellers (1985) the method is highly empirical, and says little about processes active in the thermocline and how such processes might change under
conditions of a changing climate.
The problem of understanding the role of lakes in the
climate system is considerably complicated by the fact
that the majority of lakes in a typical climate simulation
are too small to be resolved by the climate model: that is,
they need to be parameterized. For example, consider
the Experimental Lakes Area (ELA) of northwestern
Ontario, Canada (Fig. 1). The region shown here, occupying 400 km2, would be represented by no more than
a single grid cell in most climate simulations running today. Within it are lakes ranging in surface area from 0.2 to
2400 ha, depths from 1 to 170 m, and light extinctions
from 0.1 to 6.7 m21—all factors that will influence the
response of the lake to the same imposed climate. The
climate modeler is faced with the task of representing all
of these small lakes, each of which may be exchanging
heat and moisture with the atmosphere at a different rate
because of differences in surface temperature.
Unresolved heterogeneity in land surface properties is
frequently handled within the climate modeling community by use of a mosaic approach (Koster and Suarez
1992) whereby the grid cell is divided into homogeneous
tiles of similar surface properties (as far as flux exchange
with the atmosphere is concerned). The net flux exchange
is simply the area-weighted sum of the individual tile
fluxes. In our case the modeler will need to represent
dozens if not hundreds of small lakes with a few idealized
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FIG. 1. The 400 km2 subregion of the Experimental Lakes Area.
Lakes are indicated in blue and roads in red. Study lakes L114,
L239, and L373 are highlighted in yellow.

lake tiles. The defining characteristics of these tiles will
depend on the application, but it is argued here that one
possible set would include surface area, mean depth (or
volume), and transparency.
Transparency plays a key role in the mixing regime of
lakes through its influence on thermocline depth (e.g.,
Fee et al. 1996). In addition (as noted below) transparency can also influence the surface mixed layer directly through the suppression of buoyancy production
in the turbulence kinetic energy (TKE) budget. Lake surface area and mean depth can play a role in lake mixing
and thermal regime through surface wind forcing (i.e.,
through changes in fetch and the degree of wind sheltering) and seiche dynamics, as well as the obvious influence on the overall heat capacity of the lake.
Some understanding of the role of transparency, depth,
and surface area on lake thermal structure can be gained
upon examination of the lake number (Imberger and
Patterson 1990), defined as
LN 5

St (H 2 hT )
,
2
u A3s /2 (H 2 hV )
*

where H is the lake depth; hT and hV are the heights from
lake bottom to the seasonal thermocline and lake center
of volume, respectively; u* is the surface friction velocity; and As is the lake surface area. The lake stability St is
given by
St 5

1
r0

ðH
0

g(hV 2 z)r(z)A(z) dz,

Unauthenticated | Downloaded 01/09/23 07:43 AM UTC

DECEMBER 2012

MACKAY

1913

TABLE 1. Physical characteristics of the three ELA study lakes
L114, L239, and L373, as well as Toolik Lake, Alaska, and Lake
Råksjön, Sweden. Average extinction values are based on 2007
observations for ELA lakes and 2008 for Toolik Lake. Extinction
for Lake Råksjön is approximate. Here H represents approximate
mean depth, rounded to the nearest half meter.

L114
L239
L373
Toolik
Råksjön

A (ha)

H (m)

Hmax (m)

Extinction (m21)

12
54
27
150
115

2.0
11.0
11.0
7.0
4.5

5.0
30.0
21.0
25.0
10.0

1.0
0.9
0.3
0.6
0.3

where g is the gravitational constant and r the density of
water. While bathymetry will obviously affect both St
and LN, it is unrealistic to expect bathymetric data for all
lakes within the large domains usually considered in
climate modeling studies, and in what follows we consider simple rectilinear geometries so that hy 5 H/2 and
1
St 5 As g9hT (H 2 hT )
2
implies
LN 5

g9(H 2 hT )2 hT
,
u2 As1/2 H
*

where g9 is the approximate reduced gravity between the
surface (epilimnion) and deeper (hypolimnion) waters.
A lake number less than O(1) implies (amongst other
things) that sufficient energy exists to overcome stratification and produce cold water upwelling. This will tend
to reduce lake surface temperature—something of primary importance to flux exchange with the atmosphere,
and thus of great interest to the climate modeler. Whether
this occurs clearly depends on depth H, transparency
(through g9 and hT), and surface forcing and area.
The Experimental Lakes Area provides an opportunity to examine these issues as it contains a variety of
lakes of differing transparency and depth that have been
studied for many years. In this study we consider three
such lakes, known as L114, L239, and L373, whose physical characteristics are summarized in Table 1. L239 and
L373 are similar in size and depth, but have substantially
different transparency. On the other hand, L114 is much
shallower, but has a similar transparency to L239. The
observed extinction for each of these lakes for 2007 is
shown in Fig. 2, and the corresponding observed surface
temperatures are indicated in Fig. 3. A number of features are readily apparent in these figures. Figure 2 indicates not only large inter-lake differences in extinction,
but also that individual lakes can show large variations in

FIG. 2. Biweekly observed light extinction coefficients for lakes
L239 (dotted), L373 (dashed), and L114 (solid) for 2007.

extinction from month to month. Figure 3 shows that all
of these lakes generally have similar surface temperature
during most of the stratified period, with significant departures occurring only in the autumn. As the primary
physical differences amongst these lakes concerns depth
and transparency, it is reasonable to assume these factors
are relevant to the observed surface temperature differences, but to what extent? If L239 had a large increase in
transparency or a drastic reduction in water level would
it behave like L373 or L114 (respectively)?
In this contribution, a 1D bulk mixed-layer model is
developed for use as a small lake tile within the Canadian Land Surface Scheme (CLASS; Verseghy et al. 1993)
and used to simulate L114, L239, and L373. While fully
coupled climate experiments are not attempted here, we
do examine the effect of transparency and depth on lake
thermal structure in a relatively simple numerical scheme

FIG. 3. Observed surface temperatures for lakes L239 (red), L373
(green), and L114 (black) for 2007.
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that is suitable for incorporation as a lake-tile component within any mosaic-based land surface model. In the
following section the model, along with the observed
data required to drive and evaluate it, are described in
some detail. The model is then used to simulate each of
the study lakes for the 2007 open water season to demonstrate its ability to reproduce differences in observed
thermal structure under identical atmospheric forcing
conditions, such as would be provided by a grid cell from
a climate model. The scheme is also used to compute the
net flux exchange with the atmosphere over the entire
ELA region indicated in Fig. 1 based on three idealized
lake tiles and one vegetated soil tile. Finally, as a demonstration of the model’s transferability to other regions, simulations of an Arctic lake and a Swedish boreal
lake are briefly described.

2. Model description
a. Numerical scheme
The scheme we employ consists of a simple 1D thermal model coupled with a turbulent mixing parameterization based on the integrated TKE approach proposed
by Rayner (1980) and Imberger (1985), and developed
by Spigel et al. (1986), along with some modifications
described below.
The 1D heat equation for lake water, in the absence of
turbulence, can be written

VOLUME 13

where Q* is the surface net solar radiation and B is an
extinction coefficient that depends on wavelength, turbidity, and color. These dependencies are generally
handled by considering a sum of terms in the form of (3)
with fixed coefficients:
Q(z) 5 Q* å aj exp(2bj z) .

(4)

McCormick and Meadows (1988) partition the solar flux
into visible and near-infrared bands, but Rayner (1980)
includes three terms with a1 5 0.54, a2 5 0.30, a3 5 0.16,
b1 5 0.561 m21, b2 5 6.89 m21, and b3 5 69.0 m21. In
this study we fix a1 5 0.58, a2 5 0.42, a3 5 0.0, and b2 5
6.89 m21, and set b1 based on the observed value (see
Table 1). The equation of state follows Farmer and
Carmack (1981), but neglects salinity and pressure effects
for now.
Equations (1), (2), and (4) can be solved numerically
relatively easily using an explicit forward finite difference in time. The surface energy balance is determined
by radiative and turbulent heat exchange with the atmosphere, and is a strongly nonlinear function of the surface
‘‘skin’’ temperature T0. It can be expressed as


›T0
1
[F0 2 (L* 2 HS 2 HE ) 1 Q0 2 Q*] ,
52
d0 rcw
›t
(5)

where K is the thermal conductivity of water. The radiative flux term is slightly more complicated. While
water is nearly opaque to longwave radiation, solar radiation penetrating the surface is absorbed at depth following Beer’s law:

where F0 and Q0 are the downward thermal and solar
energy fluxes at the base of the skin into the water column, Q* and L* are the surface net solar and net longwave radiation, and HS and HE are the turbulent sensible
and latent heat fluxes into the atmosphere. Note that by
convention generally found in land surface and climate
models, radiative fluxes are positive into the surface and
turbulent fluxes are positive into the atmosphere. Equation (5) expresses the conservation of energy at the surface skin of finite thickness d0, which is user specified and
currently set to 5 cm. Note that this is a departure from
many lake models where it is more common to compute
the surface energy balance in the first model layer (typically 0.5 m); however, we find that a skin of 5 cm produces optimal results for the lakes examined here, and is
in fact essential to reproduce the differences between
L239 and L373 surface temperatures shown in Fig. 2. In
principle the skin thickness can be arbitrarily small: in the
limit d0 / 0, the skin temperature T0 can still be solved
(iteratively) by setting the term in square brackets, which
is a nonlinear function of T0, to zero.
Net solar radiation is determined by

Q(z) 5 Q* exp(2Bz) ,

Q* 5 QY (1 2 a) ,





›T
1 ›F
1 ›Q
52
2
,
›t
rcw ›z
rcw ›z

(1)

where T and r are the local water temperature and
density, cw is the specific heat capacity of water, F is the
heat flux due to thermal conduction, and Q is the radiative energy flux. Only vertical exchanges of energy are
considered. Equation (1) indicates that the local tendency in temperature is proportional to the flux convergence of both thermal and radiative energy. Thermal
conduction in water is governed simply by
F(z) 5 2K

›T
,
›z

(2)

(3)

(6)
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where QY is the incoming solar flux, and a is the surface
albedo, modeled following McCormick and Meadows
(1988):
a5

0:045
,
cos(u)

d
(uh) 5 u2* ,
dt

where u is the solar zenith angle and cos(u) is given a
minimum value of 0.1. Net longwave radiation is given by
L* 5 «LY 2 «sT04 ,

(7)

where LY is the incoming longwave radiation, s is the
Stefan–Boltzmann constant, and « is the thermal emissivity of water (currently set to 0.97). The turbulent heat
exchange with the atmosphere is governed by
HS 5 ra cp CH Ua (T0 2 Ta )

a fully turbulent surface mixed layer of uniform properties and depth h. Imberger expresses the momentum
balance in the mixed layer by

(8)

and

(10)

where u is the mixed-layer velocity and u* is the surface
friction velocity, given by
u* 5



CD r a 1 /2
Ua .
r

(11)

In fact, internal seiching will tend to produce horizontal
pressure gradients that limit the ability of surface stress
to accelerate the flow indefinitely. Imberger (1985) and
Spigel et al. (1986) proposed a fixed period during which
(10) is valid—based on observation but which is related
to the period of the fundamental internal seiche:


H 2 h 21/2
Ti 5 2L g9h
,
H


HE 5 lra CH Ua (q0* 2 qa ) ,

(9)

where l is the latent heat of vaporization; cp is the specific
heat capacity of the air; ra, qa, and Ta are the density,
specific humidity, and temperature in the atmospheric
surface layer; and Ua is the near surface wind speed.
Humidity at the surface is assumed saturated with respect to water (q0*). The turbulent heat transfer coefficient
CH and the drag coefficient CD are functions of atmospheric stability, and solved iteratively following Imberger
and Patterson (1990) and Rayner (1980). For simplicity,
an adiabatic lower boundary condition is assumed at lake
bottom.
Because the primary role of lakes in the overall climate system is through the turbulent exchange of heat,
moisture, and carbon with the atmosphere, it is essential
to represent ice cover in our lake tiles. Ice first forms
when the energy balance in the skin layer is sufficiently
negative to drop the skin temperature below 08C, and
grows through heat exchange at the water–ice interface,
assuming a linear temperature profile through the ice
layer. Ice albedo is fixed at 0.45 (Greene and Outcalt
1985), and ice extinction coefficients are as in Patterson
and Hamblin (1988). Unlike Patterson and Hamblin,
however, we ignore partial ice cover and the influence of
snow cover for now. When any ice cover exists we set the
surface water friction velocity to zero, effectively decoupling wind forcing from the lake and eliminating the
possibility of TKE production through surface stirring.
Turbulent mixing is parameterized following the slab
model of Imberger (1985), with some of the improvements noted in Spigel et al. (1986). This scheme models

(12)

where L and H are representative length and depth
scales of the lake, and g9 is the reduced gravity. Here we
take L to be the square root of the lake surface area and
H to be the lake volume divided by lake surface area. In
an enclosed basin such as a lake, end wall effects will be
felt for times t . Ti/4. Following Spigel and Imberger
(1980), we simply reset the mixed-layer velocity (see
below) to zero following this time. Coriolis effects will
also produce horizontal pressure gradients, but would
generally only affect lakes larger than we are considering here, and for now are neglected. Below the mixed
layer the velocity is set to zero.
The integrated TKE budget in the surface mixed layer
is expressed as


d 1
h dEs Es dh
hE 5
,
1
dt 2 s
2 dt
2 dt

(13)

where 0.5Es is the average TKE per unit mass in the
mixed layer. Wind-driven stirring and buoyancy fluxes
provide mechanical energy input at the surface. As noted
by Imberger (1985), this mechanical energy flux Fq can
be represented by
1
Fq 5 (w3* 1 c3n u3* ) ,
2

(14)

where cn is a constant and w* is a penetrative convective
velocity scale (Deardorff 1970) defined by w3* 5 Bh. The
buoyancy flux B is defined by
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B5

ga
H*,
cw r

(15)

Dissipation within the mixed layer is represented by
1
Fd 5 ce Es3/2 ,
2

where

is the volume expansivity of water and H* is the effective
surface heat flux (Rayner 1980), which includes the impact of the nonpenetrating heat flux in (5) as well as the
stabilizing influence of the solar radiation Q:
2
H* 5 2(L* 2 HS 2 HE ) 2 Q* 1 Q(h) 2
h

ðh



1
Fi 5 c f Es3/2 .
2

Q dz .

1
FL 5 cL E3s /2
2

0

Note that if the first term on the rhs of (16) is positive
(surface cooling) and sufficiently large, then the buoyancy flux is a source of TKE. The sum of the remaining
(radiative) terms is always negative for solar radiation
that decays exponentially, indicating that the stabilizing
influence of solar radiation on the water column is a sink
of TKE. Here it can be seen that transparency could play
a direct role in the suppression of buoyancy production
of TKE in the epilimnion.
Shear production Fs at the bottom of the mixed layer
results from the velocity jump Du 5 u across the thermocline:

d 5 0:3Du2/g9.

(18)

The kinematic effects of billowing are approximated here
by assuming a linear temperature variation throughout
the thermocline layer. This is simpler than the approach
of Spigel et al. (1986), who also include the energetics of
billowing.

(21)

to represent the loss of TKE due to, for example, internal wave propagation away from the mixed layer.
Finally, entrainment of bottom water at the thermocline changes the potential energy of the mixed layer:
1
dh
Fp 5 aghDT ,
2
dt

(22)

where DT is the jump in temperature across the thermocline (positive for stable stratification), and once again
we neglect salinity effects.
Now the energy budget (13) can be written


d 1
hE 5 Fq 2 Fd 1 Fs 2 Fp 2 FL .
dt 2 s

(17)

As noted above, shear production is only relevant for
times t , Ti/4, after which Du 5 u is reset to zero. An
important process neglected by Imberger (1985) but
discussed at length in Spigel et al. (1986) is billowing
along the thermocline due to Kelvin–Helmholtz instability. Billowing itself does not deepen the mixed layer,
but it does broaden the thermocline both directly through
mixing and indirectly by reducing the density gradient
across the thermocline and thereby enhancing entrainment. Following Spigel et al. (1986), the finite width of
the thermocline resulting from billowing can be expressed as

(20)

These fluxes are always sinks of TKE in the mixed layer.
We also include a TKE leakage term of the form
(Imberger and Patterson 1990)

(16)

1
dh
Fs 5 cs Du2 .
2
dt

(19)

and the transport of TKE to the thermocline (the rate of
work of turbulence on the interface) is

1 ›r
a52
r ›T
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(23)

However, Rayner (1980) assumes separate energy balances within the mixed layer and at the base of the mixed
layer, so that
h dEs
5 Fq 2 Fd 2 Fi
2 dt

(24)

Es dh
5 Fi 1 Fs 2 Fp 2 FL .
2 dt

(25)

and

Now (10), (24), and (25) form a closed system of equations in u, h, and Es with the five constants cn, cs, ce, cf,
and cL. Rayner (1980) discusses values of the first four
based on experimental data and recommends the following universal values, which we adopt here: cn 5 1.33,
cs 5 0.20, ce 5 1.15, and cf 5 0.25. Considerable uncertainty exists regarding the best value for cL. Rayner
assumes a value of zero, but we find that our simulations
require a nonzero value in order to prevent periods of
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excessive deepening: trial and error suggests cL 5 0.235
works well for the lakes examined here. In fact, examination of (26)–(28) below indicates that ce, cf, and cL
occur only in combination (cf 1 ce; cf 2 cL), so that there
are really only two independent constants. In addition,
our chosen values of cf and cL suggest that the vast majority of TKE transport to the thermocline is lost because
of ‘‘leakage,’’ for example, through internal wave propagation and/or unknown processes. Alternatively, one
could eliminate the leakage term by choosing cf 5 0.015
and ce 5 1.385. In other words, if we ignore TKE leakage
then turbulent transport of TKE to the thermocline is
much smaller and turbulent dissipation in the mixed layer
larger than suggested by Rayner (1980). This is clearly an
area for further research.
It is important to note that this model currently neglects a number of processes frequently considered important in the mixed-layer dynamics of lakes, including
the existence of inflows and outflows, Langmuir circulations, etc. Such processes could be included at the expense of increasing complexity provided data exist. On
the other hand, the use of Rayner’s closure hypothesis,
(24) and (25), allows explicit (i.e., prognostic) modeling of
the mixed-layer TKE, which, as discussed in Spigel et al.
(1986), has significant advantages over schemes that assume that the TKE is a fixed fraction of the external
energy input. In addition, calculation of the surface energy balance in a thin skin rather than the top model layer
ensures fast lake response times to surface forcing variations independent of the model spatial resolution (which
is fixed at 0.5 m here).

b. Solution
Equations (10), (24), and (25) can be written
2

du u* u dh
5 2
,
dt
h h dt
dEs 1 3 3
1
5 cn u* 1 cB H * 2 (cf 1 ce )E3s /2 ,
h
h
dt
Es
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(26)
and

dh
dh
dh
5 (cf 2 cL )Es3/2 1 cs u2 2 aghDT ,
dt
dt
dt

(27)
(28)

where cB 5 (ga)/(cw r0 ). Now (28) can be rearranged to
give
(cf 2 cL )E3s /2
dh
5
,
dt Es 2 cs u2 1 aghDT

(29)

so that tendencies in Es, h, and u can be solved from (27),
(29), and (26) using explicit forward finite differences.
Note, however, that (29) will diverge when

Es 5 cs u2 2 aghDT ,

(30)

which can occur when shear production alone sustains
the deepening process. Under these circumstances,
following Spigel et al. (1986) (but neglecting salinity
effects and the effect of a thermocline of finite thickness) we set h to the shear penetration depth (Pollard
et al. 1973):
h5

cs u2
.
agDT

(31)

At this point it is worth emphasizing that (26), (27), and
(29) represent the deepening of the mixed layer through
the creation of TKE by various processes described
above. When the stabilizing influence of solar heating
overwhelms wind induced stirring, turbulence begins to
decay. Under these conditions, following Rayner (1980),
we reset the shear velocity Du to zero, and set the mixedlayer depth h to the Monin–Obukhov length. It is also
clear that (26)–(29) are not appropriate when h vanishes, since strictly speaking Es and u would also vanish
in this case. In this model we shall restrict the minimum
depth of the mixed layer to the vertical resolution of the
model, currently set to 0.5 m.

c. Observed data
While the ELA database contains more than 30 years
of meteorological, hydrological, and hydrochemical data,
sufficient radiation data to drive and evaluate the physical model described above has generally not been collected. To address this, an instrumented raft was deployed
on L239 on 7 July 2007 and operated continuously until
freeze up. An aluminum mast and cross-arm assembly
supported two Eppley PSP pyranometers (one facing
up, the other facing down) for incoming and outgoing
shortwave radiation, an upward-facing Eppley PIR
pyrgeometer for incoming longwave radiation, and a
Met-One 013-A wind speed sensor. Data were logged
every 10 min to a Campbell Scientific CR10 datalogger,
which was charged through a solar panel mounted on the
mast. Other meteorological data required to run the
model were taken from the ELA meteorological station located within the watershed a few hundred meters
away. Lake temperature profiles were taken manually
approximately biweekly until the autumn turnover,
except during July when they were taken twice daily.
Lake surface temperature was measured with floating
thermistors located at the raft (Onset Tidbit: accuracy
0.28C) as well as the L239 central buoy (HOBO Pro v2:
accuracy 0.28C). Radiometric skin temperature was
measured with an Apogee IRR-P precision infrared
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FIG. 4. Average July diurnal cycle for lake albedo: computed
(solid) and observed mean value 8–31 July 2007 (crosses).

temperature sensor, mounted on the raft cross-arm
assembly.

3. Results
The simulations begin on 8 July 2007 [day of year
(DOY) 189] and continue until freeze up. Because net
shortwave radiation is of paramount importance for the
dynamics of boreal lakes, the performance of the simple
albedo parameterization of McCormick and Meadows
(1988) is compared with an observed estimate for July
based on the upward- and downward-facing pyranometers
over L239 in Fig. 4. It can be seen that the simple scheme
performs very well in general, apart perhaps for very low
sun angles near sunrise and sunset, when insolation is
weak (though the observations themselves must be regarded as suspect under these conditions). The agreement
is even better if we shift the data by 30 min, suggesting
that a simple longitudinal dependence could be incorporated into the scheme, but this is left for possible future development.
Surface temperatures from simulations of L114, L239,
and L373 are presented in Fig. 5. In each case the model
captures the observed variability in lake surface temperature well. In addition, observed and simulated temperature profiles for selected dates are compared in Fig. 6
for L239, demonstrating that the model reproduces the
observed vertical thermal structure as well. Figures 3
and 5 indicate that both the observations and the simulations suggest similar surface temperatures for all three
lakes (but especially L239 and L373) throughout much of
the stratified season, with a major departure beginning
early in September and lasting for about two weeks (analyzed below). After this period, surface temperatures for
L239 and L373 were nearly identical again until freeze

FIG. 5. Observed (red) and simulated (black) 2007 surface
temperatures: (a) L114, (b) L239, and (c) L373.

up, though L114 overturned around 5 October (DOY
278) and showed substantially colder surface temperatures subsequently.

a. Wind-driven deepening and restratification
Shortly after deployment of the instrumented raft on
L239 a strong wind event produced considerable deepening of the surface mixed layer. Figure 7a shows the
observed (red) and simulated (black) surface temperatures for L239 from 9 to 23 July (DOY 190–204), where
a sharp decline can be seen just before midday on 10 July.
This decline corresponds with an increase in mixed-layer
depth h (Fig. 7b), a lake number well below 1 (Fig. 7c),
and a peak in mixed-layer TKE (Fig. 7d). The peak in
TKE is largely generated by the stirring (0:5c3n u3* ) component of the mechanical energy flux Fq, though buoyancy production (0:5w3* ) is also contributing (Fig. 7e).
This event was followed by a few days of relatively cool
surface temperatures (Fig. 7a). Sufficient daytime windiness and nighttime buoyancy production (Fig. 7e) existed to maintain turbulence levels (Fig. 7d) and keep the
mixed layer relatively deep. By 15 July (DOY 196) the
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FIG. 6. Observed (blue) and simulated (black) 2007 temperature
profiles for L239: (a) 1906 24 Jul, (b) 2005 29 Jul, (c) 0830 9 Aug,
(d) 0820 22 Aug, (e) 0825 6 Sep, (f) 0815 19 Sep, (g) 0831 3 Oct,
(h) 1440 16 Oct, and (i) 0830 30 Oct. Successive profiles are staggered by 38C for clarity.

wind had calmed somewhat, though nighttime turbulence was still generated through buoyancy production
(Figs. 7d,e). A period of restratification ensued with daytime surface warming and nighttime surface mixing clearly
evident in Figs. 7a,b.
Observed and simulated temperature profiles for this
period are shown in Fig. 8. At 0800 9 July (all times local),
an observed and simulated diurnal thermocline existed at
about 3-m depth and the mixed-layer temperature was
about 228C. By 2000 11 July, the observed (simulated)
mixed layer had deepened to about 4.5 m (5.5 m) and
cooled to about 208C (20.68C). Over the next few days
the simulated mixed-layer depth remained steady, while
the observed mixed layer continued to deepen, though
never exceeding about 5 m. This evidently contributed
to a cold bias in skin temperature (Fig. 7a) from the
afternoon of 10 July until 13 July. The subsequent period
of restratification is also evident in both the observed and
simulated temperature profiles (Figs. 8d–f). In addition,
a diurnal thermocline is clearly seen to form at a depth
of 2 m (1.5 m in the simulation) on 15 July (Fig. 8d),
deepening somewhat by 19 July (Fig. 8f), which is indicative of the complex thermal profiles that even a bulk
mixed-layer model can reproduce.

b. Autumn cooling event
It is worth examining the surface cooling event that
began 11 September (DOY 254) in each of the lakes.
Figure 9a shows both the stirring (0:5c3n u3* ) and buoyancy (0:5w3* ) components of the mechanical energy flux
Fq at the surface for 7–17 September (DOY 250–260) for
L239. Results were similar for L373 and L114 except
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that for L114 the buoyancy fluxes were very small. For
L239 and L373 buoyancy fluxes did contribute to the
production of TKE in the surface mixed layer, though in
all three lakes the main turbulence-producing mechanism during this period was the wind. Figure 9b shows
the computed lake numbers for each lake during the
same period. All three wind events indicated in Fig. 9a
correspond to reductions in LN in all three lakes. The
lake number for L114 is generally close to or less than 1,
suggesting that this (relatively shallow) lake is frequently
mixed. On the other hand the lake number for L373 is
generally much larger than 1 except during the three major
wind events, where it takes on values close to 1, suggesting that some upwelling may be occurring. L239 appears to be intermediate between these two, with lake
numbers dropping well below 1 during the major wind
episodes, indicating significant upwelling. This suggests
that the differences in surface temperature amongst these
lakes during this period are largely the result of different
degrees of upwelling, and that these different dynamical
regimes are entirely due to differences in transparency
and depth (and to a lesser extent surface area)—these
being the only differences in the simulations.

c. Ice cover
The development of ice cover on L239 is illustrated in
Fig. 10. In 2007, manual observations indicate no ice
cover on 20 November (DOY 324), about 10% ice cover
on 21 November, about 90% ice cover on 22 November,
and complete ice cover by 27 November. The 10%–90%
ice cover period is denoted by vertical dotted lines.
Figure 10a shows that simulated ice on occurs during this
period, and ice growth is consistent with periodically
observed ice thickness (denoted by asterisks). Figure
10b shows simulated surface skin temperature (solid)
along with observed radiometric skin temperature (dashed)
and bulk surface temperature (dotted). The radiometric
skin temperature has been corrected for reflected sky
radiation based on data from the PIR assuming a constant emissivity of 0.97: no effort was made to model
emissivity variations due to, for example, wave state
and viewing angle (Kurzeja et al. 2005; Donlon and
Nightingale 2000). Nevertheless, the radiometric skin
temperature measurements provide useful information
regarding the surface state of the lake. With the exception of 18 November, the simulated and both observed
surface temperatures agree well until 22 November—
the time of 90% ice cover. At this point all three temperatures drop suddenly and the model begins to develop
ice. The observed bulk surface temperature fluctuates
rapidly near 08C before the thermistor freezes into the
ice. At the same time the simulated and observed skin
temperatures drop well below 08C. The process of freeze
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FIG. 7. Simulated results for wind-driven deepening and restratification events in L239 from 9
to 23 July 2007 (DOY 190–204): (a) observed (red) and simulated (black) surface temperature,
(b) simulated temperature profiles (colored) and mixed-layer depth h (black curve), (c) simulated lake number, (d) simulated TKE, and (e) surface stirring (red) and buoyancy (blue)
production of TKE.

up appears well represented by the model. The drop in
observed temperature on 18 November suggests a brief
period of thin ice cover followed by melting. This was not
simulated for L239, but did occur in our simulation of
L114 (not shown), which unfortunately did not have any
ice cover observations at that time.

d. Regional fluxes over the Experimental Lake Area
While there are no observed data to evaluate the
simulation of regional flux exchange over the ELA, it is
worthwhile to demonstrate use of the proposed lake-tile
scheme to estimate such flux exchange over the domain
shown in Fig. 1, which could be considered as one complete grid cell of a climate model. This region is about
400 km2 in area and contains about 200 lakes occupying
some 30% of the land surface. About 60% of the total
lake area in Fig. 1 is covered by lakes larger than 500 ha,
and we take this as the dividing line between ‘‘large’’ and
‘‘small’’ lakes. Based on the ELA database, the larger
lakes tend to be relatively clear in this area, and have
mean depths ranging from 20–55 m. On the other hand,

smaller lakes can be clear or dark. This suggests that
three distinct lake tiles might suffice to represent the
types of lakes in this area: 1) large, deep, and clear; 2)
small, shallow, and clear; and 3) small, shallow, and dark.
Nominal values of area, mean depth, and transparency
for these tiles, along with gridcell fractional coverage are
indicated in Table 2. Simulated surface temperatures
and accumulated turbulent heat fluxes for these idealized tiles (based on the 2007 meteorological forcing used
above) are shown in Fig. 11 for DOY 200–350 (19 July–
16 December). Simulated surface temperatures for each
of the tiles are similar during the stratified period, with
increasing differences starting in October (Fig. 11a). This is
reminiscent of the observed surface temperatures shown
in Fig. 3 even though those lakes were less distinct in
terms of surface area and extinction.
Simulated accumulated sensible heat flux is indicated
in Fig. 11b. Again individual tile results are shown, including the vegetated land surface tile (black). The net
area-weighted flux (given the gridcell fractional areas
indicated in Table 2) is the dashed black curve in the
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FIG. 8. Observed (blue) and simulated (black) 2007 temperature
profiles for L239 (all times local): (a) 0800 9 Jul, (b) 2000 11 Jul,
(c) 2000 13 Jul, (d) 2000 15 Jul, (e) 2000 17 Jul, and (f) 1955 19 Jul.
Successive profiles are staggered by 48C for clarity.

figure. This represents the resultant sensible heat flux for
this ‘‘ELA’’ grid cell—that is, the flux that the atmosphere would receive over this area in a coupled land
surface–atmosphere model from both terrestrial and lacustrine sources. The net heat flux in a coupled model that
did not include lakes (100% vegetated surface) would be
represented by the solid black curve. Figure 11b suggests
that the presence of lakes in this region tends to suppress
sensible heat exchange with the atmosphere until autumn
when heat fluxes are enhanced (i.e., until ice on), but the

FIG. 10. (a) Simulated and observed ice cover and (b) surface
temperatures for DOY 320–365 (16 Nov–31 Dec) on L239. Vertical
dotted lines indicate observed fractional ice covers of 90% and
100%. Solid curves indicate simulated (a) ice cover and (b) skin
temperature. Asterisks represent observed ice thickness. Dashed
and dotted curves in (b) represent observed radiometric skin
temperature and surface bulk temperature, respectively.

differences are relatively small compared with the case
without lakes. The increase in the accumulated flux by
the end of the simulation due to the presence of lakes
was about 5%. On the other hand, substantial differences occur for latent heat fluxes (Fig. 11c), where the
cumulative impact of including lake evaporation begins
to be noticed by early September. By the end of the open
water period the presence of lakes has increased total
latent heat flux (compared to the vegetated surface
alone) by about 24%.

e. Transferability: Simulations of an Arctic lake and
a Swedish boreal lake
Because one of the goals of the small lake-tile scheme
is to enable the simulation of atmosphere –lake interactions over large scales (e.g., continental or global), it is
important to demonstrate its utility for lakes in different
climatic zones. Here we present a simulation for Toolik
Lake, Alaska (688389N, 1498389W) for the open water
TABLE 2. Physical characteristics of three representative lake
tiles along with approximate fractional gridcell coverage. The remainder of the grid cell is represented by a single vegetated soil tile.

FIG. 9. (a) Surface stirring (red) and buoyancy (blue) production
of TKE for DOY 250–260 for L239; (b) computed lake numbers for
L114 (yellow), L239 (blue), and L373 (red).

Tile

A (ha)

H (m)

Extinction
(m21)

Gridcell
fraction

1. Large, deep, clear
2. Small, shallow, clear
3. Small, shallow, dark
4. Vegetated soil

1000
100
10
—

50
10
5
—

0.3
0.5
1.5
—

18%
6%
6%
70%
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FIG. 12. Simulated and observed results from Toolik Lake,
Alaska, for 2 Jul–12 Aug 2008 (DOY 184–225): (a) observed (red)
and simulated (black) surface temperature, (b) simulated temperature profiles, and (c) observed temperature profiles.

FIG. 11. (a) Simulated surface temperature and cumulative turbulent (b) sensible and (c) latent heat fluxes for idealized lake tiles
characterized in Table 2. Individual tile values are red, purple, and
green for tiles 1, 2, and 3, respectively. The vegetated land surface
tile fluxes (as computed by CLASS) are solid black, and the net
area-weighted average values for the entire grid cell including lakes
are dashed black. Results are shown for DOY 200–350 (19 Jul–
16 Dec).

season of 2008, as well as a 2-week simulation for Lake
Råksjön, Sweden (608029N, 178059E).
Toolik Lake is a little larger than the ELA lakes examined in detail here, but otherwise has similar physical
characteristics (see Table 1). It is however situated within
an Arctic climate, in an open, relatively unsheltered environment (MacIntyre et al. 2009). This contrasts greatly
with the temperate, forested environment of the ELA.
Figure 12 shows simulated and observed temperatures for
2 July–12 August 2008. No tuning or other adjustments
have been done to the model; the only differences between this simulation and the ELA simulations are in the
physical properties of the lake (surface area, mean depth,
and transparency) and of course the forcing meteorology.
Figure 12a illustrates that the model qualitatively represents the evolution of the surface temperature, albeit with

a bias of generally less than 18C. Figures 12b and 12c
compare simulated and observed temperature profiles.
The stratified period is for the most part reasonably well
represented, but it is clear that the thermocline is much
more dynamic in reality than in the model, and the fall
overturn is simulated too abruptly. All of these problems are somewhat ameliorated with a small adjustment
in the leakage efficiency cL (not shown), but our point
here is to demonstrate the efficacy of the model without
any tuning at all. Ultimately our goal is to improve temperature simulation through improved process understanding and representation, rather than through arbitrary
adjustment of constants. A process-oriented scheme such
as proposed here allows for that flexibility.
Lake Råksjön is also a little larger than the ELA lakes
examined, and is otherwise a shallower version of L373
(Table 1). Like the ELA lakes, it is situated in a dense,
mature coniferous forest. Results from a 2-week simulation (28 April–11 May 1995) are presented in Fig. 13.
Meteorological forcing and observed temperature data
for this simulation are from the second Concentrated
Field Effort (CFE2) of the Northern Hemisphere Climate Processes Land-Surface Experiment (NOPEX;
Heikinheimo et al. 1999). Light extinction does not appear to have been measured during this project, though
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FIG. 13. Simulated and observed results from Lake Råksjön,
Sweden, for 28 Apr–11 May 1995 (DOY 118–131): (a) observed
(red) and simulated (black) surface temperature, (b) simulated
temperature profiles, (c) observed temperature profiles.

the lake has been described as having ‘‘relatively high
transparency’’ (Tourula et al. 1996), and so we take
a nominal extinction value of 0.3 m21 (the same value
used for L373). Figure 13a shows that while the model
occasionally fails to reproduce the diurnal variability of
the surface temperature—especially the extent of nighttime
cooling—it does capture the general trend. Figures 13b,c
suggest that the model reproduces the observed temperature profiles reasonably well. As above, no parameter
tuning or other model adjustments have been made for
this simulation, nor has the nature of the simulation error
been analyzed. We seek only to demonstrate the general
utility of the model for contrasting regions.

4. Conclusions
A one-dimensional dynamic lake model is presented
as a candidate for simulating small lake tiles within a
mosaic-based land surface scheme of a regional or global
climate model. Fully coupled climate simulations are not
attempted here; rather, the model is used here in offline
mode to simulate the thermal structure of three small
lakes of differing mean depths and transparencies under
identical atmospheric forcing conditions. Realistic simulations of both surface temperature—important for flux
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exchange with the atmosphere, and thus the regional
climate—as well as temperature profiles are demonstrated. Further analysis suggests that differences in
lake surface temperatures are largely the result of differences in surface area, depth, and transparency (these
being the only differences in the simulations) and can be
explained by consideration of the lake number. It is thus
reasonable, at least initially, to select these attributes as
the basis for characterizing the lake tiles in a climate
modeling application.
The model presented here is based largely on wellestablished process algorithms with some exceptions.
Because of the importance of lake surface temperature
for flux exchange with the atmosphere, a complete nonlinear surface energy balance is computed in a skin layer
of user-specified thickness, here taken as 5 cm. In the
simulations presented here the choice of skin thickness
was not terribly important except during the autumn
surface cooling event described above. During this period, a simulation (not shown) of L239 with d0 5 0.5 m
produced surface temperatures up to 1.58C warmer than
observed. Nevertheless, computing the surface energy
balance in a thin layer is trivial to implement and more
in line with surface energy balance schemes in land surface models (e.g., CLASS sets d0 5 0). Turbulent mixing
in the surface mixed layer is achieved through surface
stirring and buoyancy production as well as shear production along the (diurnal) thermocline. The net effect of
Kelvin–Helmholtz instability on thermocline structure is
grossly accounted for by computing a linear temperature
profile within a thermocline layer of thickness given by
(18). The energetics of billowing is not considered; however, the absence of this process does not appear to have
had a negative impact on the simulations reported here
(at least for the ELA lakes). On the other hand, we have
had to include a thermocline leakage term that is substantially larger than has been reported in the literature,
and the extent to which this term is compensating for the
neglect of KH or any other process is unknown.
An offline simulation of CLASS incorporating the
new lake-tile scheme was performed in order to estimate
regional turbulent heat exchange with the atmosphere
over the Experimental Lakes Area. The region considered, about 400 km2, is representative of a single grid
cell in a regional climate model, and is composed of about
70% vegetated surface and 30% lake surface. Results
showed that the presence of lakes in this region tended
to suppress sensible heat flux to the atmosphere during
the stratified period, relative to a 100% vegetated surface, and enhance sensible heat flux in the fall. By the
end of the year total accumulated flux was about 5%
larger. Larger differences were found for latent heat
flux exchange, where the presence of lakes was found to
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enhance the open water season accumulated flux by
about 24%.
Finally, transferability of the scheme was demonstrated with simulations of Alaskan Arctic and Swedish
boreal lakes. While some error was found in the temperature simulations of both lakes, this does show that
the model can be used in very different climatic zones
without the necessity of parameter tuning or other model
adjustments—an essential feature for a scheme intended
for regional or global application.
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