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Abstract
Evaluation of FLake’s Performance on Water Temperatures and Surface Heat Fluxes at 
Lake Erken, Sweden
Vasileios Savvakis

In many numerical weather prediction models, the presence of lakes is simulated crudely, with their 
effect being neglected in the resulting simulations. However, it has been shown how lakes effect not 
only their surrounding climate directly, but have an effect to the overall weather evolution and ecosys-
tem. It is therefore vital to improve existing models to take lakes into account, by coupling with smaller 
models specificaly compiled for a reas with l a kes. There have been several sophisticated models t o pa-
rameterize lakes in a geographical area, which are, on the other hand, computationally expensive and 
time consuming. A model built specifically on simple physical assumptions, named FLake, aims to pro-
vide a solution that is not heavy computationally, but is accurate enough and contains all the necessary 
physics surrounding the heat budget and temperature of a given lake. For this project, FLake was tried on 
a lake close to Uppsala, named Erken, where the validity of the model was tested against data archives 
from Erken Laboratory’s measurement tower. The resulting simulations were very promising regarding 
the water temperatures, as well as giving out acceptable results for the surface heat fluxes above the lake 
and the duration of the ice period, as it was modeled by FLake and compared with ice data archives.

Keywords: Modelling, lakes, FLake, surface water temperature, surface heat fluxes, a ir-lake interac-
tion
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Populärvetenskaplig sammanfattning
Utvärdering av FLakes färdighet beträffande vattentemperatur och ytvärmeflöden vid 
den svenska sjön Erken
Vasileios Savvakis

I många numeriska vädermodeller representeras sjöar på ett förenklat sätt, vilket leder till att deras 
inverkan försummas i de resulterande simuleringarna. Det har emellertid visat sig att sjöar inte bara 
påverkar klimatet i sjöars omgivningar utan även den totala väderutvecklingen och ekosystemet. Det är 
därför av stor vikt att förbättra befintliga m odeller f ör a tt t a h änsyn t ill s j öar, g enom a tt k oppla mod-
ellerna med mindre modeller som är specifikt u tformade f ör o mråden m ed s j öar. D et h ar f unnits flera 
sofistikerade m o deller f ö r a t t p a rameterisera s j öar i  e t t g e ografiskt om  rå de. De ss a är  å an dr a sidan 
beräkningsmässigt kostsamma och tidskrävande. En modell som bygger på enkla fysiska antaganden, 
namngiven FLake, ämnar tillhandahålla en lösning som inte är tung beräkningsmässigt men samtidigt 
ändå är tillräckligt noggrann och innehåller all nödvändig fysik för att beskriva värmebudgeten och tem-
peraturen för en given sjö. I detta projekt testades FLake på en sjö i närheten av Uppsala vid namn 
Erken. Modellens giltighet testades gentemot data från Erken laboratoriets mättorn. De resulterande 
simuleringarna var mycket lovade beträffande vattentemperaturer. De gav även acceptabla resultat för 
ytvärmeflöden o vanför s jön s amt l ängden av p erioden m ed d å s jön var i stäckt, v ilken m odellerades av 
FLake och jämfördes med data över isbestånd.
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1 Introduction

Lakes have an important influence on the weather and climate at a local or regional scale. They
are quite different than land surface, in terms of heat capacity and albedo, therefore they have
a different effect on the environment around them, during the same weather conditions. For
example, a lake is strongly thermally stratified during sunny summer days, when turbulence is
generated in land. Therefore, lakes tend to make the atmosphere more stable, in contrast to the
land areas. Local winds can be accelerated due to lower roughness length, and more water is
evaporated in the atmosphere above lakes. An internal boundary layer is also formed when air
moves from air water to land, due to temperature and pressure differences.

Since lakes represent closed ecosystems, it is more convenient to study alterations due to
climate change, because the interactions within them can easily be distinguished from external
weather forcing. Their feedback can be studied by looking at its parameters vertically (like
the temperature distribution), from the surface to the bottom, which is a simplification ignoring
any horizontal anomalies. Instead, they are mostly homogeneous, which is another argument
to study them for a better insight on climate change.

It has been found that lakes cause an overall warming of the climate of Europe (Samuelsson
et al., 2010). This happens due to the fact that the thermal inertia of the land is lower than
that of shallow lakes, so lakes can damp the temperature variability and actually cause a lag
in the response to the atmospheric forcing, translating to a warming effect during the colder
periods of the year. High-latitude lakes, ones in North America, Canada and Scandinavia, have
been observed to increase evapotranspiration during times of large vertical temperature gradient
(Rouse et al., 2005).

1.1 Lake Modelling

In numerical weather prediction (NWP) models, lakes are often not parameterized properly and
are not accounted for in the simulation. Lakes of up to medium size can not be distinguished
in the sub-grids of the models, and the larger lakes at best are seen as a uniform “water” grid
that is constant. As horizontal resolution increases, lake effects to the area around them should
be resolved in a better way, and there rises the need of parameterization of the conditions in the
lake, as well as their properties. It is known that lakes have a significant role when it comes to
the structure of the boundary layer, and also affect surface heat and momentum fluxes (Kirilln,
2010).

Therefore, they need to be resolved in the sub-grid scale due to their impact on the surface
fluxes, and it is vital that their surface temperature is not kept constant during the simulation,
as it sometimes happens in NWP models. Especially in Sweden, lakes cover up 9.2% of the



country’s area (Lindkvist, 1995). There needs to be a computationally affordable model to re-
solve lakes, with a possibility to be couple to larger scale models for an overall better accuracy
of the simulations done in NWP modelling. Three dimensional models, or ocean models, ac-
count for both horizontal and vertical transfer of momentum/heat and can provide high quality
information for the structure of the temperature of the lake. The drawback of this choice is
the computational cost, and so far has been tried in a few, large lakes, for example the Great
Bear Lake & Great Slave Lake (Long et al., 2007) and Lake Viktoria (Song et al., 2004). One-
dimensional models are a more viable option to use as lake parameterization schemes in NWP.
Since lakes are stratified for the most part of the year, the lake thermocline should not be left
out of the picture.

Second order turbulence models can produce efficient results, but they also bear a computa-
tional weight. A two-layer bulk model that parameterizes the vertical structure of the temper-
ature with depth, was used. It is built on parameterizing the profile and its time evolution, as
well as the integral energy budget of the two layers that the lake is split to. When initially the
problem requires solution of partial differential equations in time and depth, by employing the
idea of self-similarity, the same problem is dealt with by solving regular differential equations
for the turbulence factors and temperature, this time using the time-dependent parameters of the
temperature profile. This method offers a balanced outcome between computational economy
and successful physical depiction of the problem (Mironov, 2008).

1.2 FLake

FLake is a one-dimensional model that simulates the vertical temperature profile of a given
lake, and is also able to produce information about factors like the heat fluxes above the lake,
the ice cover or the convective velocity scale (Mironov, 2008). As a bulk model, it considers
parameterization of two main layers: the layer starting from the surface of the lake until some
depth (called mixed layer depth, h), which is well mixed and has about the same temperature
across its extent. The second layer, called the lake thermocline, is characterized by a temper-
ature gradient, or temperature jump, which extends to the bottom of the lake. The form of the
thermocline has been tackled by many researchers in the past, and many formulas have been
suggested, all revolving around forms of n-order polynomials. FLake is based on the concept
of self-similarity, which introduces non-dimensional variables and assumes a certain shape of
the vertical structure of these variables, which results in an easier set of differential equations
left to be solved by the model (Section 3).

The model has been used in several studies, examining on how well it simulates param-
eters of lakes and it used by various meteorological offices around Europe, including SMHI
(Samuelsson et al., 2010) and the UK Met Office (Rooney et al., 2010). It has been tried in
lakes around the world, like in France (Le Moigne et al., 2013), Hungary (Vörös et al., 2010),
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Africa (Thiery et al,. 2014), and South America (Le Moigne et al., 2016). FLake was tested
against other lake models during Lake-MIP (Stepanenko, 2010) and its simulations were close
to the observed data for the surface water temperature.

For the most part, FLake has been tested around water temperatures at the top and bottom of
the lakes, or in a more broader effect on the climate in numerical weather predictions and how
simulations are effected when lakes are included and when they are ignored. To the author’s
knowledge, few of them have inspected the model’s results when it comes to heat fluxes and
net radiation budget (Le Moigne et al., 2013), something that is done in this study for the lake
of Erken.

1.3 Aims of the project

The overall purpose of this project was to evaluate the applicability of the model to the case of
the site at lake Erken. Specifically:

• to investigate how FLake can reproduce the surface temperature, bottom temperature, as well
as mean temperature of the water column, compared to measurements from Lake Erken.

• to compare the resulting heat fluxes (sensible and latent heat flux) with the calculated fluxes
using turbulence covariance values that are available from the station at the lake.

• to calculate seasonal correlation coefficients, root mean squared error, bias and and create
Taylor diagrams to get a better understanding of how successful FLake’s runs were.

• to do sensitivity tests to parameters that were not directly measured or available, like the
extinction coefficient and the lake depth.

• to compare the periods with ice on the lake from available archives in Erken, and the simu-
lated created ice from the model. Duration as well as temporal accuracy was examined.

2 Theory

2.1 Self-similarity

A basic outcome of FLake is the structure of the temperature profile of a given lake, and for
that the concept of self-similarity is used. This concept suggests that the parameterization of the
lake thermocline can be achieved through a function of a dimensionless depth ζ . The equation
for the evolution of the temperature at that part of a given lake with time is given:

θs(t) = θ(z, t) + ∆θ(t) · Φθ(ζ) for h(t) < z < h(t) + ∆h(t) (1)
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At the mixed layer the water temperature is θ = θs. The thermocline extends from the mixed
layer depth h until the basin bottom, D. In the equation above, ∆θ(t) = θs− θb, where θs is the
temperature of the mixed layer (same as the surface temperature) and θb is the temperature at
the bottom of the lake. Notice that the function Φ is introduced, which is dependent on ζ and
that’s exactly the universal function of depth, the main characteristic of self-similarity. Eq. (1)
is the equation used to find the temperature in the thermocline (the bottom of the two layers), as
it is shown from the inequality, which explains that z has to be between the mixed layer depth
h and the bottom of the thermocline.

Here, the dimensionless depth ζ is given by:

ζ =
z − h(t)

∆h(t)
(2)

By solving Eq. (1) for Φ, the formula is:

Φθ(ζ) =
θs(t)− θ(z, t)

∆θ(t)

which is the expression for the dimensionless function of the dimensionless depth.
In Eq. (2), h(t) is the mixed layer height, which indeed changes with time, ∆h(t) is the

depth of the thermocline, z is depth variable and t is time (Kitaigorodskii & Miropolsky, 1970).
By knowing the function Φ, the dimensionless shape factor CT can be calculated, which gives
an idea on how tilted the thermocline is. CT is given by:

CT =

∫ 1

0

Φ(ζ)dζ (3)

This is a dimensionless factor that is also calculated in the model, giving an idea of the form
of the temperature profile. The profile grows towards a curve of Cmax = 0.8 when mixed layer
deepening is happening (dh/dt > 0), while CT is reduced to a minimum value of Cmin = 0.5

when the mixed layer is retreating or is stationary (dh/dt < 0). At the value of 0.5, the
temperature profile is linear and that’s what is assumed to happen when there is ice on the lake
(Salgado, 2008).
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Figure 1. An illustration of the vertical temperature profile with depth, suggested by self-similarity. The mixed
layer depth starts from the surface of the lake and reaches the mixed layer depth h, where the temperature is
constant. From h until the bottom, the second layer of the lake exists, which is known as the thermocline. The
stiffness of the thermocline curve can be described with the shape factor CT (reproduced with permission from
Mironov, 2008).

Self-similarity introduces the dimensionless depth ζ , as well as the dimensionless depth
function Φ(ζ), and these two factors can be used for all lakes. Basically, the temperature
change in the lake is split into two parts, one for each layer: the mixed layer (0 < z < h) has a
constant temperature with depth, and the thermocline has a certain curve, defined empirically
by polynomials (see Fig. 1). What self-similarity explains is that with different conditions
above the lake, there might be deepening or retreat of the thermocline (changing the mixed
layer depth), but the curve itself will remain the same, and that’s why it can be described by
dimensionless functions (Munk & Anderson, 1948). The thermocline starts when there is a
clear temperature gradient with depth in the lake, called “temperature jump” of approximately
1K/m (Ertel, 1954). Φθ can be a function of ζ , when using ∆θ and ∆h as scales of tempera-
ture and depth. Self-similarity and the concept of mixed-layer / thermocline are not perfectly
supported by the mathematical theory, and that’s why empirical functions are used. However,
these functions have been proven to describe the temperature profile at an acceptable level so
far in many different occasions. The mean temperature of the water column is given by:

θ̄ = θs − CT (1− h

D
)(θs − θb) (4)

where D is the basin bottom (the point "bottom" in Fig. 1) and h is the mixed layer depth.
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2.2 Forms of Φθ(ζ)

Over the years, many different formulas for the function Φθ(ζ) have been suggested. A gen-
eral thought process is to assume Φ as a certain order polynomial of ζ , and then force some
boundary conditions for it, and its derivatives, in order to come up with a certain expression.
The assumptions that were made to write the boundary conditions are based on a geometric ap-
proach to the problem, by following a thought process similar to what is called the Pohlhausen
method in boundary layer meteorology. This method describes a way to find a way to approx-
imate solutions to boundary layer equations. At first, the following five conditions were set:
the temperature at the bottom has neutral stratification ( Φ′θ(1) = 0 ), the transition to the layer
below that is not abrupt ( Φ′′θ(1) = 0 ), the maximum curvature of the temperature profile is at
the top of the thermocline at the depth h ( Φ′′′θ (0) = 0 ) (Kitaigorodskii & Miropolski, 1970).
From the definitions of Φ and ζ , two more logical conditions are: Φθ(0) = 0 & Φθ(1) = 1. The
resulting fourth order polynomial, with ζ being the independent variable is:

Φθ =
8

3
ζ − 2ζ2 +

1

3
ζ4 (5)

It was later shown that the temperature - depth curve also depends on the condition of the
mixed layer, so the formula for Φ was split into two parts, depending on deepening of the mixed
layer, when dh/dt > 0, and when the mixed layer is retreating, when dh/dt < 0:

Φθ =

1− (1− ζ)3 if dh/dt > 0

1− 4(1− ζ)3 + 3(1− ζ)4 if dh/dt < 0
(6)

In a more theoretical approach, the heat transfer equation is solved:

∂θ

∂t
=

∂

∂z
KH

∂θ

∂z
(7)

Eq. (7) can be analyzed by introducing a vertical moving coordinate z′ = z − h(t), and
assuming a traveling wave type of solution. In this equation, the temperature conductivity KH ,
can be assumed constant, but a more sophisticated way to examine it is by assuming that it is
proportional to the vertical temperature gradient KH ∝ ∂θ

∂z
. Going a step further, the effect of

gravity is introduced by adding a buoyancy parameter β = gαT , where αT is called the thermal
expansion coefficient. Such effects are quite important in this case, as a wave solution has been
assumed, which is strongly linked to density changes due to temperature in a stratified fluid.

Similar results as the empirical polynomials are produced by this approach, which also in-
cludes expressions for the characteristic eddy length scale l, which is inserted in the formula of
KH . The attempt to solve the problem like that assumes constant temperature at the boundaries
of the thermocline, and a constant rate of the deepening of the mixed layer. Only approximated
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solutions can be found if these parameters are not constant.

2.3 Calculating the cloudiness from incoming radiation data

Measurements for the cloudiness were not available directly from the site at the lake. This
type of measurements is dimensionless, and spans between a continuous set of zero and one,
determining: 0 for a cloudless sky, and 1 for a fully cloudy sky (values in between for the
regularly cloudy days). This method is described briefly below (Martin & McCutcheon, 1999).
The equation calculating how much solar radiation reaches the surface of the earth is given by:

Hsw = H0 · αt · (1−Rs) · Ca (8)

where Hsw is the shortwave solar radiation in Wm−2, and H0 is the radiation that reaches
the earth’s outer part of the atmosphere (also in Wm−2). Then, Rs is the reflection coefficient,
αt is the transmission term and finally, Ca is the amount of solar radiation reflected by clouds.
By knowing Hsw, one can calculate the cloudiness value from the equation:

Ca = 1− 0.65 · C2
l (9)

where Cl is the value of the cloudiness, giving an idea of the fraction of the sky that contains
clouds.

The different factors in Eq. (8) can be computed individually, and they depend on atmo-
spheric as well as geographic parameters, like the latitude of the location, the duration of
daytime, the elevation of a specific location, roughness information about the surface of the
discussed area (in this case, it is the lake’s water). The hour angle is also used, as well as the
dust coefficient, and in the process how much radiation is absorbed or scattered is found (that
is the physical meaning of the parameter αt).

All of the equations used, parameters and variables, were changed to the appropriate values
for the specific case of lake Erken. In the end, the result of this work was used as the input
dataset for the cloudiness values.

3 Model description

3.1 Equation of State

FLake parameterizes the vertical structure of lakes, using the theory of self-similarity as de-
scribed above. It incorporates this assumed shape, as well as the interaction of the lake bottom
with its bottom sediments, and the case of winter time when possibly, a lake might be frozen
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or covered with snow. When this condition holds, the system is affected from the environment
above and vice versa in a different way, since there is a layer of ice or snow on the lake. The
water in the lake is assumed to be a Boussinesq fluid: its density is constant and equal to the
initial density, except in the term for the buoyancy frequency and also when % is in the buoyancy
part of the turbulent kinetic energy equation. The equation of state for fresh water is:

%w = %r[1−
1

2
αT (θ − θr)2] (10)

where %w is the water density, %r is the maximum density of freshwater (equal to ∼ 1kg ·
m−3), corresponding to the temperature of maximum density θr, and the coefficient αT =

1.6509 · 10−5K−2 (Mironov, 2008).

3.2 Prognostic equations in FLake

3.2.1 Mean water and mixed layer temperature

If Eq. (1) is combined with the fact that θ = θs within the mixed layer, and that ζ =
z−h
D−h & Φθ = θs−θ

θs−θb
, then the vertical profile of the temperature is given by:

θ =

θs if 0 ≤ z ≤ h

θs − (θs − θb)Φθ(ζ) if h ≤ z ≤ D
(11)

The shape factor is given by Eq. (3) and the mean temperature of the water column θ̄ is
given by Eq. (4). A prognostic equation for θ can be reached if Eq. (11) satisfies the heat
transfer equation:

∂

∂t
(%cθ) = − ∂

∂z
(Q+ I) (12)

Then, if Eq. (12) is integrated with respect to z from 0 to D, the prognostic equation for the
mean water temperature is:

D
dθ̄

dt
=

1

%wcw
[Qs + Is −Qb − I(D)] (13)

If Eq. (12) is instead integrated from 0 to h, only for the mixed layer, the equation for the θs
is obtained:

h
dθs
dt

=
1

%wcw
[Qs + Is −Qh − I(h)] (14)

In the equations above, Qs is the vertical turbulent heat flux at the surface, Is is the heat
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flux due to the radiation from the sun at the surface, Qb is the heat flux through the bottom of
the lake, cw is the water specific heat, %w is the density of water, Qh is the heat flux through
the point of the thermocline, I(h) is the solar heat flux through the same point and I(D) is the
solar heat flux at the basin bottom. The exponential approximation of the decay law is used
for finding the solar heat flux at points in the lake, like I(h) and I(D). The albedo αw and the
extinction coefficient k are taken into account for the decay law, also called the Beer-Lambert
law (Beer, 1852):

I(D) = (1− αw)SD · e−kD (15)

In Eq. (15), SD is the shortwave radiation with a direction downwards. The term Qh is
assumed to have a self-similar structure, like the temperature. The profile of the turbulent heat
flux is then described by the equation (as Eq. 12):

Q = Qh − (Qh −Qb)ΦQ(ζ) at h ≤ z ≤ D (16)

Here, ΦQ and Φθ are equal when the thermocline exists in a stably stratified column, since
the wave solution suggests the same shape function for them. In regular cases, where the
thermocline is extended from the mixed layer depth to the bottom and not from the surface, the
relation is different.

3.2.2 The mixed layer depth h

The evolution of h with time is examined for both stable and unstable conditions, taking into
account the source of radiation heating is how it is distributed. For the case of mixed layer
deepening, the convective case, the entrainment equation is used:

A+
Cc2
w∗

dh

dt
= Cc1 (17)

Cc1 and Cc2 are dimensionless empirical constants. w∗ is the convective velocity scale and
A is the entrainment ratio, which is defined as the negative ratio of the heat flux Qh with an
appropriate heat flux scale Q∗. If convection is driven by Qs , confined within the mixed layer,
then Qs is the appropriate term for this ratio. A more general formula for Q∗ is:

Q∗ = Qs + Is + I(h)− 2h−1
∫ h

0

I(z)dz (18)

As long as the buoyancy flux is negative, meaning that the turbulent kinetic energy is pro-
duced from convective instability, then Eq. (17) can be used for the calculation of the mixed
layer depth. The entrainment equation is not appropriate for stable or neutral cases, as there, a
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relaxation type of equation is used. Now, the mixed layer depth adjusts on the external forcing
under a certain time, and the equation is:

dh

dt
=
he − h
trh

(19)

The equilibrium mixed layer depth he is found after using a formulation that concerns itself
with the effects of buoyancy, Earth’s rotation and the static stability of the boundary layer.
trh = he

Crhu∗
is the relaxation time scale, where: Crh is a dimensionless constant and u∗ is the

surface fiction velocity.

3.2.3 The shape factor CT

The empirical forms of the polynomials shown above have been tested successfuly for the cases
of smaller water areas. In oceans, Φθ(ζ) has a larger variety of curves than the simple mixed
layer - thermocline that occurs in lakes. The evolution of the shape factor is calculated from a
relaxation type equation again:

dCT
dt

= sign(
dh

dt
)
Cmax
T − Cmin

T

trc
, 0.5 ≤ CT ≤ 0.8 (20)

The signum function is defined as sign(x) = 1 if x > 0 and sign(x) = −1 if x ≤ 0. The
temperature profile evolves towards the value of 0.5 during mixed layer retreat, and towards the
value 0.8 during mixed layer deepening (Mironov, 2008).

3.3 Calculation of surface heat fluxes

Speaking as accurately as possible, FLake does not calculate the surface fluxes directly. The
model can be coupled with a surface flux calculation module the user chooses, so that the fluxes
are calculated as one prefers. However, there is an atmospheric surface layer parameterization
scheme including a set of routines, named SfcFlx, which is used by FLake for the computation
of the latent and sensible heat flux. The downward longwave and shortwave radiation are
external parameters that are set as input for the model.

Initially, the water vapor pressure and specific humidity are calculated at Ts. The air density
%a can also be found from the ideal gas law. The Monin-Obukhov similarity theory is used to
calculate the turbulent fluxes. In the case of strong static stability, the computed Richardsson
number is larger than its critical value, and the similarity relations yield zero fluxes. In this
case, a rougher estimate of the fluxes is computed assuming that their strength comes only from
molecular transfer mechanisms, like molecular conduction. In cases of strong static instability,
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expressions of free convection are used for the heat flux computation, and all the fluxes are
positive when directed upwards.

Essentially, the model computes the fluxes in different ways depending on the stability, and
then compares the results in order to pick the values with the highest magnitude. Molecular
and turbulent fluxes are compared, as well as the fluxes in free or forced convection. During
static stability, it is assumed that the fluxes are a product of molecular mechanisms. In unstable
conditions, fluxes are computed from MO similarity equations and are compared with the free
convection heat-mass transfer law.

3.3.1 Turbulent fluxes

For the heat fluxes due to turbulence, relations from the similarity theory by Monin-Obukhov
(1954) are employed. Firstly, the ratio between the height htq and the height of the wind speed
measurements hu is found. Then, the Richardsson number as well as its critical value are
calculated. If Ri > Ric, then the fluxes are set to zero. If not, they are calculated from the MO
similarity theory. The formulas used for the heat fluxes are:

Qsen = [
−(Ta − Ts)

ln(z/z0t) + Ψt

]u∗
k

Pr
(21)

Qlat = [
−(qa − qs)

ln(z/z0q) + Ψq

]u∗
k

Sc
(22)

In Eq. (21) & Eq. (22), k is the von Karman constant, k = 0.4, Pr is the turbulent Prandtl
number at neutral static stability and Sc is the turbulent Schmidt number at neutral static stabil-
ity. z0t (m) & z0q are the roughness lengths with respect to temperature and specific humidity,
respectively, and Ψt & Ψq are the integrated M-O stability functions for the temperature and
specific humidity, respectively.

3.3.2 Fluxes output

After the computations of the fluxes are executed, the largest in magnitude is chosen to move
forward. Notice that in the calculations above, the results are all in kinematic units. In the
results, they are not in these units anymore and the equations read as:

Qsensible = %acpQsen (23)

Qlatent = %aλQlat (24)

These are the final formulas that calculate the surface fluxes as produced in the output file
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of the model. Qsen and Qlat are the factors as chosen by the previously described procedure. λ
is the specific heat of evaporation, λ = 2.501 ∗ 106(J/kg) and cp = 1005 (J/kg/K).

3.4 Bottom sediments of the lake

FLake gives an option whether to include or not, the effect of bottom sediments on the heat
budget of a lake. Especially in shallow lakes, a considerable part of incoming radiation is
stored in the upper layer of the sediments at the bottom during warming periods like spring
and summer, which is then channeled back to the lake during periods of cooling like autumn
and winter. In this case, instead of finding the temperature structure using the equation of
heat transfer and by knowing the sediments’ thermal diffusivity (which requires knowledge
on organic matter and composition of the sediments), an idea similar to the self-similar water
temperature can be used to parameterize the evolving temperature within the thermally active
layer of the bottom sediments (Golosov & Greiman, 1992). Once again, the solution has the
form of a traveling wave, and this time the initial depth is at the bottom of the lake z = D,
which extends down to a depth L, the bottom of the thermally active layer (see Fig. 2). The
expression for the evolution of the temperature is:

θ(z, t) =

θb(t)− [θb(t)− θH(t)]ΦB1(ζB1) at D ≤ z ≤ H(t)

θH(t)− [θH(t)− θL]ΦB2(ζB2) at H(t) ≤ z ≤ L
(25)

As seen before, ζB1 = z−D
H−D , ζB2 = z−H

L−H are the dimensionless depths, and the letter "B"
stands for bottom, so that they are not confused with the similar functions of the water column.
ΦB1 and ΦB2 are their dimensionless functions, θH is the temperature at depth H (this stands
for something analogous to the mixed layer depth h), θL is the temperature at depth L and θb is
the water - sediment temperature, which can also be denoted as θD.
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Figure 2. Vertical temperature profile of a lake, now including the thermally active layer of the bottom sediments.
Up until depth D, there is the mixed layer and the thermocline (same as Fig. 1), then the new curve shows the
structure of θ below the bottom and into the sediments, until a lower depth L (reproduced with permission from
Mironov, 2008).

The equation to calculate the heat flux at the bottom sediments is given by:

Qb = −κw
θH − θb
H −D

Φ′B1(0) (26)

This bottom heat flux is the product of molecular heat conduction through the upper part of
the layer of the active bottom sediments. Since that upper layer is mostly consisted of water,
the heat conductivity for water κw can be used (since the molecular conductivity for bottom
sediments is a quantity that is not known usually).

3.5 Ice and snow cover

The model accounts for the case of a lake covered in ice or snow, during the winter. In these
cases, the vertical structure consists of an ice layer right above the water surface, and a layer of
snow right above the ice layer. The atmosphere communicates with the water column through
these two layers, that have their own depths and seperate the air above the lake with the lake
water. A concept similar to the structure of the temperature in the lake, as well as in the bottom
sediments, is employed for the case of additional ice and snow layers, for the parameterization
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of the evolution of temperature within these layers:

θ(z, t) =

θf − [θf − θI(t)]Φ(ζI) at −HI(t) ≤ z ≤ 0

θI − [θI(t)− θS(t)]ΦS(ζS) at −[HI(t) +HS(t)] ≤ z ≤ −HI(t)
(27)

In the equation above, z is the vertical co-ordinate, with a starting point being at the ice-water
interface (positive to the direction downwards and negative when going upwards). HI repre-
sents the thickness of ice, HS is the snow thickness above the ice, and the temperatures are: θI
the temperature at the snow-ice boundary, θf the fresh water freezing point, θS the temperature
at the ice-snow boundary, and ΦI and ΦS are dimensionless functions of the dimensionless
depths ζI and ζS .

The equation of the heat budget of the ice-snow cover can be found if the heat transfer
equation (Eq. 10), is integrated between the ice-water and snow-air interface. The evolution of
ice and snow is also found from Eq. (12), and by adding a term which describes a rate of heat
change (absorption or release) in cases of melting or accretion. The term reads fM(z)LfdM/dt,
where M is the snow mass per unit area, Lf is the latent heat of fusion, and fM a normalization
function. How snow is accumulated is not calculated in the model, instead the evolution of
snow thickness is found by an equation and the initial amount of snow should be known as
input by data of the specific lake. The evolution equation for this case is d%sHS

dt
= dMS

dt
, where

the r.h.s describes the evolution of snow concentration.
Ice growth happens from heat conduction when the temperature of the ice is below the

freezing point θf . The atmosphere will sooner or later heat the surface of the snow above and
the temperature θf will be reached, then ice melting begins. If ice melts earlier than snow, then
the depth of snow is immediately set to zero.

4 Methodology

4.1 Information about the site

Lake Erken is a mesotrophic clearwater lake on the east part of central Sweden and belongs
to the county of Stockholm. The water residence of the lake is 7 years, it covers an area of
24km2 and its mean depth is 9m (the deepest part of it is 21m). The coordinates of the location
are: 18.6334, 59.8952. The data that were used for the project are taken from an instrumented
meteorological tower located at a small island in the lake (Fig. 3), on the east side, as the lake’s
shape spans roughly from west to east. At that point, the depth of the lake is about 14 meters.
By the shape of the lake (Fig. 4), the open water wind directions for the tower cover an arc of
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200◦to 360◦, and to about 45◦.

Figure 3. Photo of the measurement tower at the lake.

The lake fetch from that side is around
4km, while the small island itself is mostly
comprised of rocks and sparse vegetation. On
the tower, wind speed is measured with a pro-
peller anemometer (Young Wind Monitor) at
heights 2.51m, 6.17m and 8.6m. Temper-
ature is given at heights 1.85m and 5.95m
(using Copper – Constantan thermocouples)
and the relative humidity is measured with a
Rotronic at 1.5m height. Data for water tem-
perature in the lake, at depths 1m, 3m, 14m
are also available for most parts of the three
years available. The instrumentation for tur-
bulence measurements is located at 4.1m and
consists of a sonic anemometer (Gill Wind-
master) and two gases analyzers: Licor LI-
7500 for water vapor and CO2 & Licor LI-
7700 for methane (this is referenced for com-
pletion reasons, it was not used for the pur-
poses of this project). The sensors were set to
a sampling frequency of 20Hz, which gives
calculated turbulent fluxes using the eddy-
covariance method over 30-minute periods,
for a time period covering September 2014,
until September 2017. A CNR4 Net radiome-
ter (Kipp & Zonen) is used to acquire measurements for the radiation, and it provides all dif-
ferent four parameters: incoming longwave & shorwave radiation, and outgoing longwave &
shortwave radiation.

Since there were missing data for a significant amount of time at the lake, radiation data
from the lake were used for the year of 2017 and for the first two years, data from a nearby
site in Marsta were taken into account. Marsta is approximately 50 kilometers away from lake
Erken and it is an agricultural site. The decision to use data from Marsta as well was that
exactly the same instrumentation is used there for the collection of incoming solar radiation
measurements, and the differences for the incoming shortwave radiation were assumed to be
not too large. Having data for three years, the model was run for the same period of time and
temperatures were compared from the measurements and the model results. The cloudiness
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values were not measured directly, but they were calculated using the incoming shortwave
radiation data. Sensitivity tests were done for parameters like the lake depth and extinction
coefficient k.

Figure 4. Map of lake Erken. The station is located where the arrow is pointing on the right part of the image,
very close to Erken Laboratoriet (picture by Anders Eidhorn, 2015).

4.2 Running the model

4.2.1 Input and output

The model uses the following input data: sequence number (i.e number of hours if there is an
hourly timestep, or number of days if the timestep is daily), incoming solar radiation (W/m2),
air temperature (◦C), air humidity (mb), wind speed (m/s) and a factor of cloudiness that spans
from 0 (total clear sky) to 1 (total cloudy sky). These data are stored in a six column .dat file
in that order. The second file needed to run FLake is a configuration file containing parameters
like the initial top and bottom temperature of the lake, initial mixed layer thickness, heights
and depths of the measurements at the station, the option to turn the bottom sediments module
ON or OFF, lake characteristics like the depth, wind fetch, water transparency, as well as the
latitude of the lake. In this file, the time step number needs to be the same as the total amount
of data given as input, for example: in a case of daily timestep for a year, time step is 86400
seconds and the timestep number should be 365, the number days in a year.

The model requires some extra input regarding the wind fetch, water transparency, lake
depth and the extinction coefficient k. The extinction coefficient is essential since it is used in
the decay law, and a value of 0.3 is suggested if there are no means of calculation. Erken’s
deepest parts reach 21 meters, but it is better to use the mean lake depth for the model, not the
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deepest point or the depth at the measurement station. Therefore, the depth was set at 9 meters
for the initial, default runs. FLake’s sensitivity was tested against runs at 14m (the depth at the
location of the tower) and at 21m(deepest point of the lake) as part of a series of sensitivity
tests in this report. The wind fetch was set to 4km, which is appropriate for the span of the lake
in the west - east direction.

By running the model with these two files, a result file is produced with 24 different columns:
sequential number (no), time in days, temperature (◦C), mean water temperature (◦C), bottom
temperature (◦C), friction velocity in air (m/s), friction velocity in surface water (m/s), convec-
tive velocity scale (m/s), sensible surface heat flux (W/m2), latent surface heat flux (W/m2),
short-wave radiation (W/m2), long-wave radiative flux from the atmosphere (W/m2), long-
wave radiative flux from the water (W/m2), mixed layer depth (m), stratification "shape fac-
tor" (dimensionless), depth of the thermal wave penetration in sediments (m), temperature at
the crest of the thermal wave in sediments (◦C), heat flux across the water-sediments boundary
(W/m2), ice thickness (m), snow thickness (m), ice temperature (◦C), snow temperature (◦C)
and the extinction coefficient (dimensionless).

4.2.2 Data modifications

Having 30-minute data from the station at Erken, daily means were made to investigate the
change of temperature at the lake in the period of 2014 to 2017. In that way, FLake was also set
to a timestep of a day. Temperature and heat fluxes were compared against calculations from
the existing data, to check the validity of the model’s results. It was assumed that the difference
for the radiation measurements between Marsta and Lake Erken are not large.

Comparisons were made between produced water temperatures from the model and the mea-
surement data at the lake. Statistic indicators like the mean absolute error, the root mean square
error, correlation coefficients, and seasonal boxplots were created for all different runs. A Tay-
lor diagram (Taylor, 2001) including all results was also made. The same statistical analysis
was done for the case of water temperatures (comparing surface temperature from the model,
and temperature at 1m depth from the data), and the case of surface heat fluxes: comparing the
model’s output with the computed surface fluxes using turbulence covariances from the site,
since measurements like were available.

Two different model runs were used regarding the input solar radiation: one using data from
Marsta only for the whole of the time period, as well as one using data from Marsta for the first
two and a half years (when Erken measurements were missing anyway) and Erken data for the
last months of 2017. In this way, the differences between Marsta & Erken data can be seen in
a clearer manner during the year of 2017. At first, a cloudiness sensitivity test was conducted,
with different values of fixed cloudiness c = 0, c = 0.2, c = 0.5, c = 0.8, c = 1, to check the
accuracy of the results when input data are missing (e.g the cloudiness). A method was later
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found to calculate the cloudiness from incoming shortwave radiation, therefore the input data
for this parameter was not measured at the site, instead it was calculated from radiation data,
as it is described in Section 2.3.

4.2.3 Sensitivity tests

One of the input parameters needed in the model, is the cloudiness (as mentioned in par. 4.2.1).
Such data was not available neither from the site at lake Erken, but instead they were calculated
using the incoming radiation to the site. Initially, a sensitivity test was also done for the cloudi-
ness, using multiple model runs ranging between the values 0 and 1 that are needed for the
cloudiness. To inspect the sensitivity of the model to other input parameters, sensitivity tests
were done for the lake depth, using the lake’s deepest point 21m, the depth at the point of the
measurement tower 14m, as well as the mean lake depth 9m. As a general rule, it is suggested
(Mironov, 2008) to use the mean lake depth in an FLake run, and an extinction coefficient value
of k = 0.3m−1, if there are no means to calculate it for a specific lake site.

5 Results

The results of the model are compared with data collected from the site at Erken. At first, the
surface temperature Ts simulated by FLake is compared with the measurements for the water
temperature at the depth of 1 meter. Heat fluxes were calculated from the eddy covariances and
the comparison is made with the sensible and latent heat flux from the model result file. Some
comparisons were also made through seasonal boxplots, as well as the ice cover periods from

5.1 Temperature

A time series of the water temperature is shown in Fig. (5). The plot shows the surface temper-
ature Ts as it was produced in the model, and water T at 1 meter depth from the data collected
at the station.
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Figure 5. The evolution of the water temperature at the surface, throughout the three years period. The blue line
represents the reference data, and the green & red lines are products for Ts from the model runs, when different
radiation measurements were used.

In Fig. 5, the modeled and measured water temperature series are compared. The different
results for the usage of Marsta’s radiation data only against the usage of both measurement
sites, can be seen to the right of the time series, during the months February - September of
2017. For the first two years, the measurements were exactly the same and that’s why there is
only one line visible (i.e. the two results coincide there). Fig. (5) depicts the water temperature
at the surface of the lake (assuming the difference between depth d = 0 and d = 1m is not that
large), so it can not drop below zero, as it is seen in the plot. During the winter months of every
year, the model produced a steadily reducing temperature that once dropped to zero, remained
at that point until later in spring. That’s the reason there are some parts in the figure where
the modeled temperatures are horizontal lines at zero. Moreover, the first sensor calculating
temperature at the site is at depth 1.8m depth, which is also why the blue line doesn’t reach
zero during those periods, as the measurements for it are taken below the ice. At these points,
FLake also produced ice cover (frozen lake) with ice temperature results, which were zero
during warm periods.

5.1.1 Statistics

For a more thorough comparison, the correlation coefficient, BIAS, mean absolute error (MAE)
and root-mean-square-error (RMSE) were computed from the two sets of data. The BIAS was
calculated using the formula: BIAS = xm − xo, where where xm is the modeled mean value
and x0 was the observed modeled value. Therefore, negative signs show underestimation and
positive values show overestimation from the model.
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Table 1. BIAS and correlation coefficient between modeled and observed daily mean surface water temperature.
The first row shows the whole time series with date from Marsta (covering the years 2014 - 2017). The other
two rows show the comparison among Erken and Marsta data for 2017, when Erken radiation measurements were
available.

Run BIAS Correlation coefficient
All -0.36 0.992

Marsta -0.47 0.991
Erken -0.45 0.996

The root-mean-square-error (RMSE) was calculated using the following formula:

RMSE =

√√√√ 1

N

n∑
i=1

((xm − xm)− (xo − xo))2 (28)

In Eq. (28), where xm is the modeled value (for example, for the temperature) and xm is the
mean value of the same set of values, while xo and xo are the same but for the observed values.

Table 2. Errors of the surface temperature (mixed layer temperature) between the observed data from the site and
the FLake temperature results.

Run Mean Absolute Error (MAE) Root Mean Square Error (RMSE)
All 0.78 0.97

Marsta 0.96 1.12
Erken 0.72 0.84

20



5.1.2 Temperature scatterplot

Figure 6. Scatterplot between measurement data and modeled data of the water surface temperature. The run with
fixed cloudiness 1 was used for the graph. On the plot are also depicted the linear fitted line (green), as well as the
1:1 line(red). The line equation is shown to the upper left.

As it is seen in Fig. (5), there are some areas at the plot where the model produced zero
water temperature for some period of time in the winter. The temperature can’t drop below
that because it is the temperature of the water, but it was assumed that ice was created during
the cold days of winter, essentially translating to a frozen lake. For these time periods, the
model produced values of the temperature of the ice (which was zero during spring, summer
and autumn). These periods of zero temperature were excluded when Fig. (6) above was made.

Fig. (6) shows the linear fitted line between the measurement and the model data is not very
far from the ideal one, with the slope being close to the ideal value of 1 (a = 0.93) and also the
intercept value is low as well (b = 0.54).

A Taylor diagram comparing the two different radiation data sets for 2017, one for Marsta
and one for Erken, can be seen in Fig. (7):
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Figure 7. Taylor diagram showing the two different runs, computed for the surface water temperature. Point A
shows the result for data from Marsta only, and point B shows the result for the case when radiation data from
Erken were used. The point REF is the reference data set, for which the measurements from the site were used.

From Table 2, both the RMSE and MAE errors are smaller for the Erken radiation data than
the radiation data from Marsta, but the differences can both be considered accurate. Fig. (7)
shows that the case of the Erken radiation data had a smaller standard deviation (point B is
closer to the REF point than point A) and the same stands for the correlation coefficient lines in
the figure, which is also apparent from the second and third row in Table 1, where r for Erken
is slightly smaller than for Marsta.

5.2 Surface heat fluxes

5.2.1 Calculations

The model produces values for the surface heat fluxes of the lake as it is described in Section
3.3. To compare these results with Erken’s data archive, the same heat fluxes were calculated
from the turbulent covariances. The formula for the sensible heat flux:

HS = %airCpw′θ′ (sensible heat flux) (29)

Here, w′q′ is calculated for another quantity, namely w′%′v. The expression connecting those
two is:

w′q′ =
w′%′v

1000 · %air
(30)

The latent heat flux is found from a similar formula:
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HL = λ · w′q′ (latent heat flux) (31)

Among other covariances, measurements of quantities like w′θ′, w′q′, w′%′v were available.
The results were compared with the values given from the model runs.

5.2.2 Comparison

A similar procedure like for the temperature, was followed for the two different heat fluxes.

Table 3. BIAS and correlation coefficient for the sensible and latent heat flux. For the calculations, the measure-
ments from Marsta & Erken were used.

Heat flux Correlation coefficient BIAS (Wm−2)
HS 0.80 -0.94
HL 0.82 9.52

Since the model uses a bulk approach of vertical gradients of parameters (temperature and
humidity), once again the areas of zero temperature were avoided when the heat fluxes were
compared between the model and the measurements. For the BIAS and the correlation coeffi-
cient, only the areas of non-zero modeled surface water temperature were used. The differences
were small for both cases: BIASHS

= −1.06Wm−2 for Marsta (-0.94 for Erken, as it is seen
in the first row of Table 3) and BIASHL

= 9.53Wm−2 for Marsta (9.52 for Erken, as it is seen
in the second row of Table 3).

Figure 8. Scatterplots of the sensible (la) and latent (b) heat fluxes. The linear fitting equations are shown to the
upper left of each plot, and the red line is the ideal linear result.
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5.3 Sensitivity tests

The extinction coefficient and lake depth are two of the important input parameters that are
used in the namelist file that is needed for FLake to run. The model suggests using the mean
lake depth as input for this variable, and k = 0.3 for the extinction coefficient, if there are no
means for it to be calculated. This sensitivity test shows the results for the depths: 14m (the
depth of the measurement site), and 21m (deepest). From a suggested range of 0.3 < k < 0.7,
two values of k = 0.5m−1 and k = 0.7m−1 were chosen. In this way, how sensitive these
parameters are to these variables was checked.

Table 4. Surface water temperature BIAS and correlation coefficient for four different runs, changing the extinc-
tion coefficient k and the depth d each time.

Stat k = 0.5 k = 0.7 d = 14m d = 21m
r 0.989 0.985 0.988 0.979

BIAS -0.14 -0.02 -0.13 -0.02

When the extinction coefficient was changed (in the first two runs), the value used for the
lake depth was the default of 9m, while for the other two (when the lake depth was changed),
k had the default value of 0.3.

The correlation coefficients for the sensible and latent heat fluxes, computed for these four
runs, are shown below:

Table 5. Correlation coefficient for HS and HL, for four different runs, changing the extinction coefficient k and
the depth d each time.

r k = 0.5 k = 0.7 d = 14m d = 21m
rHS

0.808 0.806 0.779 0.749
rHL

0.841 0.845 0.829 0.817

The Taylor diagram for the case of the surface water temperature, comparing these four runs
at the same time, can be seen in Fig. (9):
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Figure 9. Taylor diagram containing all four runs from this sensitivity test, regarding the surface water temperature
Ts. Point A: default run, point B: case with k = 0.5m−1, point C: case with k = 0.7m−1, point D: case with
d = 14m, point E: case with d = 21m.

Fig. (9) shows all the four runs for different k, d, as well as the initial default run (point A).
From the diagram, it can be seen that the default run is slightly better than the rest, because it has
a smaller standard deviation as well as a larger correlation coefficient. This can be concluded
by comparing the statistics from Table 1 & Table 4, which shows explicitly the higher r values
for the initial run. Nonetheless, all of the runs have above 98% correlation, which is very
favorable.

5.4 Ice cover period comparison

By looking at the results of FLake for a whole year span, when the surface water temperature
drops to zero, the mechanisms for ice creation start taking place, and that usually happens
during the winter months of each year. From the lake site at Erken, data are available about
the ice periods during each year: the date when ice first appeared, the length of the ice period
and the date of the ice break up (usually aroung spring). Therefore, it is possible to compare
the ice periods produced by the model, which are essentialy, the periods when ice thickness
and temperature was simulated to be other than zero, with the archived ice periods as they
were noted at the lake. For this comparison, the main run using Marsta and Erken radiation
measurements, as well as the mean lake depth of 9m and extinction coefficient of 0.3, was
used.
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Table 6. The comparison of ice periods from FLake and the archives at the lake. The notation "O" refers to the
observed information, and the notation "M" refers to the modeled results. In the last column, the ice period is
compared in days: the first number is the number of days for the documented ice period, and the second number
is the number of days with ice from the model.

Year Start (O) Start (M) End (O) End (M) Length (days)
2015 12.29.2014 01.05.2015 02.21.2015 02.22.2015 78 / 71
2016 01.05.2016 01.01.2016 04.04.2016 03.15.2016 90 / 74
2017 01.05.2017 01.13.2017 04.01.2017 03.21.2017 86 / 68

Fig. (10) shows a scatterplot comparing days of the starting of the ice period, as well as the
end of the ice period, from Erken archives and the model simulation:

Figure 10. Scatterplots of the ice-creation (a) and ice break-up (b) dates. The Julian days are used (starting with
the first day of measurement data as day 1), comparing the Julian day numbers of ice creation from FLake and the
archives, as well as the numbers for the ice break-up. Each plot has three points, one for each examined year. The
total number of points is 1080, which is roughly three years.

The biggest difference occured for 2017, which can be seen by the difference in ice period
as well. An error of 10-15 days can be found in both starting and ending dates, but at some
specific points (e.g. the ice-break up for 2014) the error was very small. Fig. (10) shows that
the scatterplots both have a good slope, but this error is better depicted from the intercept.

6 Discussion

6.1 Surface water temperature

As an initial part of this project, the modeled surface water temperature was compared with the
temperature measurements from the station, at a lake depth of 1 meter. This comparison is safe,
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as the mixed layer depth of the lake was larger than 1 meter for the most part of the three years
period, except for the areas where Ts dropped to zero. During the warmer periods of the year,
mainly in the summer and spring, the lake was fully mixed, at times reaching a mixed layer
depth of 9 meters, which was the maximum for the default runs. This means that the lake was
fully mixed and there was no stable stratification, which makes sense, due to the fact that more
solar radiation reaches the lake during summer.

The output of FLake was very promising when it comes to the surface temperature, as it
can be seen by the plots as well as the statistical analysis (Fig. 5 - 7 and Tables 1, 2 & 5).
Despite having used solar radiation data from a different site, in Marsta, the results are almost
exactly the same as the measurements of the water temperature evolution these three years. The
full times series had a correlation coefficient of 0.99, while for 2017 the measurements from
Marsta and Erken were also compared directly, with equal correlation. The BIAS of all the
cases was negative but below an absolute value of 0.5, which shows a slight underestimation
of the temperature by the model, which can be explained from the winter months again. Since
FLake calculates surface temperature, it calculates ice temperature when the lake is frozen,
while the water at 1 meter depth might have a bit higher temperature (as it can be seen in the
data series in Fig. 5). A BIAS of xm − xo will be negative.

Apart from that, an overall underestimation can be noticed in the whole of the series, but the
shape of the annual cycles for the water temperature is reproduced favorably. By looking at the
seasonal BIAS for the summer was -0.45, while the BIAS for winter was almost zero, essen-
tially a difference between temperatures very close to zero. This BIAS can be compared with a
study for four specific lakes in South America (Le Moigne et al., 2016), where the winter BIAS
in that study was higher (ranging from 0.3 to 1.9) because these lakes are generally warmer,
while in the summer Erken had -0.36, aside from that study’s range of 0 to 8.7 Celsius degrees.
Another study using FLake at the coastal lagoon in Thau, southern France (Le Moigne et al.,
2013) examined the minimum errors when changing factors like the extinction coefficient, and
in the ideal case the modeled and observed surface temperature time series had a correlation
coefficient of 0.95, compared with the Erken results of 0.99. For the part that FLake was used
in that publication, the extinction coefficient was 0.48m−1 and the BIAS was only −0.03◦C,
which is closer to the resulting bias from the run that was done with k = 0.5m−1 here. In that
study, FLake also underestimated the surface temperature of the water as it happened in this
study for Erken.

By looking at at one more study conducted at the shallow lake Balaton in Hungary (Vörös
et al., 2010), where surface and bottom water temperatures, as well as stratification, were com-
pared. The mean absolute error and root mean square errors were computed for lake Balaton,
for surface and bottom temperatures: MAE for the Ts was 0.86 compared to Erken’s 0.78, MAE
for the Td was 2.21 compared to Erken’s 1.19 (this number was taken from the run that used
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the exact depth at the point of the measurement tower in the lake, at 14m), RMSE for the Ts
was 1.14 compared to Erken’s 0.97, while the RMSE for the Td was 2.98 compared to Erken’s
1.61. Therefore, the results of Erken are slightly better, and that’s clearer in the case of the
temperature at the bottom. However, Balaton is not as deep (mean depth is 4m and for Erken it
is 9m), which makes it more sensitive to external forcing.

The scatterplot of Ts from Fig. (6) has very few outliers, and the linear regression is close
to the ideal, perfect result. This adds another reason on why the surface temperature was
simulated successfully by FLake in this study. A similar scatterplot was done in a study that
was investigating how lakes affect surface temperature forecasting (Belsamo et al., 2011), the
BIAS was positive at 0.35◦C, covering 8 years compared to this study of 3 years.

6.2 Sensible and latent heat fluxes

The simulated surface heat fluxes were compared with measured values, using turbulence data
from the measurement tower. These results are highly dependent on the vertical gradient of
temperature (the the sensible flux) and humidity (for the latent flux) of the surface with the air
above, so the months that the periods of time that the model produced ice, were left out due to
constant zero water temperature.

For the non-zero temperature parts of the time series, the sensible heat flux had a correlation
of 0.80, with a relatively low negative BIAS = -0.96. This low value possibly has to do with the
fact that the temperature was well simulated in the model. In specific parts of the warm periods,
the value for r is even higher but a broader area of about 850 days out of 1080 was used for
the comparison. The slope of the scatterplot is only half of the ideal value of 1, and there is a
positive intercept value β = 2.5. This shows a systematic small divergence from the ideal line
in the plot, having some outliers at the larger heat flux values as well. In the study at the French
lagoon (Le Moigne et al., 2013), scatterplots of the sensible heat flux is made seperately for
the cases of day and night, while in this project daily averages were taken. Nonetheless, the
slope of the data in that study have a similar offset and the BIAS was −1.9Wm−2, compared
to Erken’s case with a BIAS of −0.95Wm−2.

The latent heat flux was overly overestimated by the model, and that can be seen by the
relatively large BIAS of 7.16 Wm−2 for Erken, and 28.7Wm−2 for the lagoon. The scatterplot
from Fig. (8) for the case of the latent heat flux shows a linear regression with a relatively
good slope (=1.3) but an overall overestimation of the intercept (=+14). This overestimation
was visible in many periods throughout the three years. It is interesting that comparing Erken’s
results with the study in the French lagoon, the two heat fluxes had about the same strong spots
and weaknesses. HL had a correlation coefficient of 0.82 (with the measured HL), which got a
couple of higher values in the cases of k = 0.5m−1 and k = 0.7m−1.

28



6.3 Sensitivity of the model to k, d and cloudiness

Some of the parameters required for input to FLake might not be available. Initially, a sensi-
tivity test of the model to the cloudiness was performed, covering many options between the
spectrum of 0− 1. This test was conducted by making repeated simulations with the same data
sets, but with a fixed cloudiness, starting from a cloudless sky (c = 0) up to a sky completely
covered with clouds (c = 1). The better results were produced by a cloudiness of around 0.8

(R = 0.96), when c = 1 gave a correlation coefficientR = 0.95. The runs with lower cloudiness
underestimated the results by a lot, and the results for the heat fluxes were also more affected
by this. In case simulations are done without measurements of the cloudiness or shortwave
radiation, it is suggested that an overall high cloudiness (> 0.65) is used.

The sensitivity of FLake on the extinction coefficient and lake depth was also studied. There
were no means to calculate k for Erken, so for the first runs, the default value of 0.3 was
used. The runs also assume that the lake water is completely transparent. Parts of the outcome
were improved with a slightly higher extinction coefficient, like the correlation coefficient of
HL, which was 0.84 compared to 0.82 for the default run. The BIAS for two of the new runs
(k = 0.5m−1 and d = 21m) was really low, and very close to zero. While this looks like the
perfect result, it was the product of the trendline being more overestimated in some parts of the
time series, and more underestimated in other parts. This imbalance caused of the changes to
cancel out, and this can be seen by the correlation coefficient, which was lower by 0.1. The run
closer to the reference set is also seen in the Taylor diagram in Fig. (9), where point A, the best
of the five depicted runs, is the default run with k = 0.3m−1 and d = 9m. However, the run
with k = 0.5m−1 had higher correlation coefficient for both surface fluxes, R = 0.81 for HS

and R = 0.84 for HL. The differences in the correlation coefficient were small, but it also had a
higher standard deviation. The run with default values was the most accurate, but from the two
values for k, 0.5 also gave acceptable results.

The runs with higher depth than the mean lake depth had a lesser accuracy than the rest of
the runs. While the BIAS was good in all cases (smaller than an absolute value of 0.2), the
correlation coefficients of temperature and fluxes was not as high. With the depth set at 21m,
the correlation for the sensible heat flux had dropped down to 0.75. The fact that the model
suggests using the mean lake depth in the namelist file for the simulations, and not even the
depth at the point of the measurement tower, is proven by the results for these parameters in
this project. While the results are wholly precise, the one with the highest accuracy is the one
where the mean lake depth was used.
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6.4 Duration of ice cover

Information were available from the lab at the lake on how long the ice period lasted during
each winter. It is also possible to find the periods when ice exists in the result file of FLake,
which offers an opportunity to roughly compare ice periods between reality and simulation.
FLake also produces ice thickness (as described in Section 3.5), but there were no data like
that from Erken, so only the starting / ending ice dates were compared, as well as the total ice
period in days (Table 6).

For 2015, the model produced a good accuracy for the ice period with only six days differ-
ence. Specifically, the ice-break day had only one day delay. The next two years, the results
showed a good correlation for the beginning of ice on the lake, but in both cases the ending
period was off by around two weeks, meaning that FLake produced the last amount of ice
thickness in the middle of March, but the actual ice period ended early April. The model has
shown a delay of nine days for ice formation and a delay of one day for the ice break-up date
(Belsamo et al., 2011), which is an inverse result to what the simulations showed for Erken,
as here the ice-break up had a fifteen day anticipation. From the scatterplots in Fig. (9), each
graph has a slope that is very close to 1, and this outcome can be thought as decent, when
considering the relatively simple assumptions that are employed in FLake.

7 Conclusions

The present study investigated the performance of the lake model FLake to a Swedish medium-
sized lake, named Erken. The measurements were taken from a station tower at the lake, so
that simulated surface temperatures, surface heat fluxes, and ice cover period could be com-
pared with the available data. FLake has been thoroughly tested against bottom and surface
temperatures, and for the case of Erken it had remarkable results, with Ts reaching almost
100% correlation, with small BIAS values, as well as small root-mean-square-errors. It can be
concluded, that the model can simulate the surface temperature of such a lake very accurately.

The ice cover period the model produced had an offset of roughly ten to fifteen days com-
pared to the real ice period, but in all of the three years the results did not diverge completely
in terms of the time period or the duration of ice existence on the lake. It was found that the
mean lake depth is the ideal choice for this specific parameter, and the change of the extinction
coefficient gave the best results for the default value of k = 0.3m−1, and up to a rough value
of k = 0.5m−1. As far as the surface heat fluxes from the lake, the calculations were based
on turbulence measurements from the site, and the comparisons with the modeled sensible and
latent heat flux can be considered acceptable as well.

The latent heat flux was overestimated, while the sensible heat flux had a quite low BIAS,
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which show the fact that while the fluxes were not in total alignment with the measurements,
there was a sufficient correlation of about 80%. The results for the fluxes, as well as the ice
period, with their flaws, were also met in other studies that looked into this model’s results.
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