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Abstract Recent progress of including lake subroutines in numerical weather prediction (NWP) models
has led to more accurate forecasts. In lake models, one essential parameter is water clarity, parameterized
via the light extinction coefficient, Kd, for which a global constant value is usually used. We used direct eddy
covariance fluxes and basic meteorological measurements coupled with lake water temperature and clarity
measurements from a boreal lake to estimate the performance of two lake models, LAKE and FLake. These
models represent two 1-D modeling frameworks broadly used in NWP. The results show that the lake models
are very sensitive to changes in Kd when it is lower than 0.5m�1. The progress of thermal stratification
depended strongly on Kd. In dark-water simulations the mixed layer was shallower, longwave and turbulent
heat losses higher, and therefore the averagewater column temperatures lower than in clear-water simulations.
Thus, changes in water clarity can also affect the onset of ice cover. The more complex LAKE modeled the
seasonal thermocline deepening, whereas it remained virtually constant during summer in the FLake model.
Bothmodels overestimated the surface water temperatures by about 1°C and latent heat flux by>30%, but the
variations in heat storage and sensible heat fluxwere adequately simulated. Our results suggest that, at least for
humic lakes, a lake-specific, but not time-depending, constant value for Kd can be used and that a global
mapping of Kd would be most beneficial in regions with relatively clear lakes, e.g., in lakes at high altitudes.

1. Introduction

Lakes impact regional weather [Rooney and Bornemann, 2013], and consequently, lake subroutines have
recently been implemented in numerical weather prediction (NWP) models, leading to improved forecast
skills [e.g., Balsamo et al., 2012]. Global data on lake coverage and depth are essential for lake subroutines,
and relevant data sets have recently been created [Kourzeneva et al., 2012]. In the boreal and tundra zone
the snow and ice thicknesses in winter are essential quantities for the lake-atmosphere interaction [Yang
et al., 2013; Leppäranta, 2015], and in the absence of thick snow cover solar radiation penetrates into the
water body [Lei et al., 2011]. Therefore, another essential external parameter in lake models is water clarity,
which determines how the radiation is distributed in the water column. This in turn affects thermal
stratification, surface temperature, and heat storage in a lake and therefore directly influences the lake-
atmosphere interaction. However, for water clarity, global data are not yet available, and water clarity
measurements are not systematic.

Water clarity is described in lake models as a diffuse light extinction coefficient (Kd) that describes how
shortwave radiative energy is absorbed within the lake water body as a function of depth. This coefficient
is an apparent optical property that depends on the properties of lake water and the illumination
conditions. Kd is known to vary more between lakes than seasonally within one lake [Arst et al., 2008]; e.g.,
a low-clarity lake (high Kd) acts similarly to a shallow lake since solar radiation is absorbed and immediately
stored into the top layer of thickness ~Kd

�1. The epilimnion (the upper layer) is thus shallower than in a
clear-water lake, and the surface temperature is higher in spring and lower in autumn when cool water
from the hypolimnion (the lower layer) is mixed into the epilimnion [Persson and Jones, 2008]. The higher
spring surface temperatures lead to an increased heat loss via turbulent fluxes of sensible and latent heat
in addition to larger longwave radiative cooling [Persson and Jones, 2008].

HEISKANEN ET AL. WATER CLARITY EFFECTS ON HEAT EXCHANGE 7412

PUBLICATIONS
Journal of Geophysical Research: Atmospheres

RESEARCH ARTICLE
10.1002/2014JD022938

Key Points:
• Time-independent constant for water
clarity can be used for humic lake
modeling

• The surface temperature response to
water clarity changes sign during
overturn

• Freeze over probably occurs earlier if
the lake water clarity decreases

Correspondence to:
J. J. Heiskanen,
jouni.heiskanen@helsinki.fi

Citation:
Heiskanen, J. J., et al. (2015), Effects of
water clarity on lake stratification and
lake-atmosphere heat exchange,
J. Geophys. Res. Atmos., 120, 7412–7428,
doi:10.1002/2014JD022938.

Received 3 DEC 2014
Accepted 1 JUL 2015
Accepted article online 3 JUL 2015
Published online 7 AUG 2015

©2015. American Geophysical Union.
All Rights Reserved.

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-8996
http://dx.doi.org/10.1002/2014JD022938
http://dx.doi.org/10.1002/2014JD022938


Water clarity is related to the amount of suspended particles and to the color of the water which is mainly the
result of colored dissolved organic matter (CDOM) concentration—high concentration of CDOM has been
shown to be tightly linked to low water clarity [Fee et al., 1996; Pace and Cole, 2002; Arst et al., 2008].
CDOM is connected to dissolved organic carbon (DOC), and colored DOC in the lake originates mainly
from the watershed, whereas colorless DOC can result from excretion of the lake biota [Findlay and
Sinsabaugh, 2003]. Some of the DOC can also originate in the littoral zone (shallow area near shore) and
then be laterally transported to the pelagial (open-water zone). Heavy rain events often result in increased
DOC loading from the watershed [Ojala et al., 2011], and therefore, long-term atmospheric phenomena
which affect precipitation patterns can substantially impact water clarity [Gaiser et al., 2009]. The
environmental factors (e.g., turbulence [Ji, 2008]) which affect the sedimentation rate of suspended
particles such as algae can affect the visibility (the optical thickness) of the water as well as the yearly
succession of plankton species [Jeppesen et al., 1999]. Jeppesen et al. [1999] noticed that increase in
phytoplankton concentrations lead to lower water clarity but that zooplankton has the opposite effect via
grazing on phytoplankton.

Fee et al. [1996] observed a relatively strong link between low visibility and high chlorophyll a (Chl a)
concentrations which is a measure of algal biomass. The impact of algal biomass to the thermal
stratification of lakes has been studied using both enclosures [Jones et al., 2005] and models [Rinke et al.,
2010]. Both studies concluded that the plankton biomass can affect thermal stratification if the biomass is
high or the water is clear. The effect of long-term eutrophication on the water clarity has been
demonstrated in a Finnish study of over 30 years where the increasing Chl a concentrations cooccurred
with decreasing water clarity [Ventelä et al., 2007].

Other factors affecting water clarity are inflow and outflow of suspended matter and, in shallow lakes,
resuspension of bottom sediments [Arst et al., 2008; Niemistö, 2008]; the effect of which is enhanced if
upwelling of near-bottom waters to the surface occurs [Weyhenmeyer, 1998]. Thus, connections between
terrestrial and aquatic ecosystems and hydrodynamics of lakes are of crucial importance for water clarity.

Water clarity is expected to influence mixed-layer depth of small lakes more than of large lakes since in small
lakes the wind and wave-driven turbulent mixing is weaker due to shorter fetch and lower wind speed. Some
studies show that water clarity affects the mixed layer depth only on small lakes [Fee et al., 1996], whereas
others show that even in the biggest lakes water clarity cannot be neglected [Thiery et al., 2014b]. In clear
water, light can penetrate deep into the water column resulting in a higher amount of energy stored into
the lake as opposed to dark water which leads to a stronger thermocline (the layer between epilimnion
and hypolimnion with the largest temperature gradient), shallower mixed layer, higher surface water
temperatures, and thus higher heat loss [Hocking and Straškraba, 1999]. The sensitivity of mixed layer
models to the water clarity was examined in the 1970s [see Niiler and Kraus, 1977]. More recently, this
problem has been revisited for the sensitivity of lake models to Kd or DOC [e.g., Perroud and Goyette, 2010;
Potes et al., 2012; Read and Rose, 2013; Rooney and Bornemann, 2013]. These studies tested the sensitivity
of the chosen model to water clarity with two clarity values, but none of these studies had direct flux
measurements for the validation of simulation results.

According to the modeling results, global warming will lead to higher water temperatures in small lakes
[Kirillin, 2010]. In addition to the relation to surface temperature and heat budgets, water clarity affects
greenhouse gas budgets due to the effect of heat flux on gas transfer [Heiskanen et al., 2014]. Small lakes
are hot spots of biogeochemical cycling due to many factors, such as high biological activity and high
surface water CO2 and DOC concentrations [Cole et al., 2007; Tranvik et al., 2009; Downing, 2010]. The
carbon cycle is influenced by the thermal cycle of lakes [White et al., 2012]. For example, methane (CH4)
fluxes to the atmosphere can be expected to increase if the heat flux into the lake increases bottom
temperature [Wik et al., 2014], since higher sediment temperatures enhance the production rate of CH4

[Schulz et al., 1997]. Stronger stratification in turn increases the oxygen depletion in near-bottom waters
which further enhances CH4 production and dramatically reduces its oxidation.

The aim of this work is to assess how seasonal changes as well as the general level of Kd affect thermal
stratification of small, humic lakes and how sensitive lake-atmosphere heat exchange is to Kd. We modeled
water temperature profiles and turbulent fluxes of heat and momentum with two widely used one-
dimensional lake models and compared the results to those measured with a thermistor chain and an
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eddy covariance (EC) system from a small boreal lake during the ice-free period of 2013. According to our
results, an increase in Kd leads to higher surface water temperature during summer and colder after the
onset of autumn overturn, whereas a decrease in Kd has the opposite effect to surface temperature. This
could lead to earlier freeze over if the lake becomes more turbid. According to the sensitivity analysis, a
global database of at least clear-water lakes should be created and put to use in numerical weather
prediction. In humic lakes with high Kd (>0.5m�1) and where Kd is dominated by CDOM, the seasonal
variation of Kd is small enough to allow the use of a constant value in time. This study is the first to assess
model sensitivity to Kd using direct EC flux measurements.

2. Methods
2.1. Lake Models

The chosen models are (1) the multilayer model LAKE [Stepanenko et al., 2011] and (2) the self-similarity
concept-based model FLake [Mironov et al., 2010; Kirillin et al., 2011] which assumes a parameterized
temperature profile. The water column in FLake is divided into a mixed layer where temperature is
constant and a thermocline which is parameterized as fourth-order polynomial and can thus vary from
isothermal to a sharp temperature curve. Treating the temperature profile in a self-similar form allows the
heat conduction to be solved from ordinary differential equations which enables high computational
efficiency. This has led to its recent implementation into several land surface schemes of NWP models: the
Consortium for Small-Scale Modeling model [Mironov et al., 2010], the High-Resolution Limited-Area Model
[Eerola et al., 2010; Rontu et al., 2012], the Surfex model [Salgado and Le Moigne, 2010], the model of the
United Kingdom Met Office Unified Model [Rooney and Jones, 2010], and the H-TESSEL land surface
scheme of Integrated Forecasting System developed in the European Centre for Medium-Range Weather
Forecast [Dutra et al., 2010; Balsamo et al., 2012].

The LAKE model treats the water column as multiple layers (20 in this study), and it is thus computationally
more expensive than the FLake model [Thiery et al., 2014a] but predicts water temperature more accurately.
The model solves five core prognostic equations: horizontal momentum components, heat conduction,
turbulent kinetic energy (TKE, k), and rate of TKE dissipation (ε). Turbulent diffusivity and eddy viscosity are
accordingly calculated using a k-ε closure scheme and thus are treated as shear and stability dependent.
Momentum flux at the surface is partially consumed in wave development and the remainder used to
drive currents [Stepanenko et al., 2014]. The bottom sediments are treated with multiple layers (here 10),
and interaction with the water column is solved. The model also contains subroutines for ice and snow
processes, but they are not relevant in this study and thus will not be further discussed. Recent lake model
intercomparison studies [Stepanenko et al., 2013, 2014] have shown that LAKE model performance is very
close to that of other k-ε models in terms of surface heat balance and in-lake temperature profiles.
Therefore, this model may be regarded as a good representative of k-ε models in general.

Aerodynamic roughness length, z0 (m), is an important parameter in lake models since it influences the drag
coefficient and the Stanton and Dalton numbers which, in turn, are used for parameterizing the fluxes of
momentum, sensible, and latent heat, respectively.

The meteorological forcing variables of the models are air temperature (Ta), wind speed (U), specific humidity
(q), incoming shortwave (SW↓) and longwave radiation (LW↓), and air pressure (p). LAKE additionally uses
wind direction and precipitation. Water inflows and outflows are dynamically adjusted to keep the lake
water level nearly constant. The models simulate the water temperature profile independently, but surface
flux parameterizations in both models are from FLake. Surface fluxes of momentum, heat, and water vapor
are solved according to Monin-Obukhov similarity theory, and the roughness length is dependent on a
normalized fetch to take into account the distance from the shore. Incoming solar radiation is reflected
with a constant albedo. In LAKE the near-infrared fraction of shortwave radiation (35% of SW↓) is
immediately absorbed at the surface, while the remaining part is transferred to the deeper layers. In both
models, the energy penetrating below the surface attenuates in the water according to Beer-Lambert’s
law. In FLake, this attenuation can be treated separately for eight wavelength bands (not used here).
Although we assumed in FLake that Kd is equal for all SW↓ wavelengths, this probably has little influence
on the results since in humic Lake Kuivajärvi, with an average thermocline depth of 5m, over 95% of SW↓

is absorbed in the mixed layer. LAKE includes an option for including lake morphometry via the
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hypsometric curve, but this option was not used in our simulations since it has been shown to cause excessive
warming in deep waters if not accounting for lateral heat exchange between the water body and the bottom
[Stepanenko et al., 2014]. The cool skin parameterization in LAKE [Chechin et al., 2010] was switched off to make
the models more consistent in this respect, since there is no such parameterization in FLake.

2.2. Measurement Site and Data Acquisition

Lake Kuivajärvi is a small (area 0.62 km2, mean depth 6.4m)mesotrophic, dimictic lake in Finland (24°16′E, 61°50′N;
141m above sea level) next to the well-established SMEAR II forest site (Station for Measuring Ecosystem-
Atmosphere Relations) [Hari and Kulmala, 2005]. The catchment area is 9.4 km2 of mostly flat terrain
having primarily a Haplic Podzol soil type covered by mostly managed pine forest [Miettinen et al.,
2015]. The lake is elongated with a maximum length of 2.6 km and a modal fetch of 410m (Figure 1).
The lake has two main basins, the larger and deeper having maximum depth of 13.2m [Heiskanen
et al., 2014]. The Secchi depth has been routinely measured in the lake since 2009 (typically weekly
measurements around noon during the open-water season), and it ranges from 1.2 to 1.5m. Secchi
depth is a fast and easy manual method to visually estimate the water clarity with a submerged white
plate. The lake is typically frozen for about 5months during a year. After ice out, turnover of the water
mass occurs immediately and a thermocline starts developing. The thermocline deepens until the
autumn turnover occurs, and thereafter, the lake freezes over again [Miettinen et al., 2015]. The
maximum heat content is typically reached in August.

Measurements on the lake have been ongoing since 2009. For this study we selected the open-water period
of 2013. Ameasurement raft is moored at the center of the deeper basin where the depth is 12m. The suite of
instruments included an EC flux measurement array consisting of an ultrasonic anemometer (USA-1, Metek
GmbH, Germany) and an enclosed-path infrared gas analyzer (LI-7200, LI-COR Inc., Nebraska, USA). The

Figure 1. (a) The location of Lake Kuivajärvi in Europe (red square, map the courtesy of Atlas of Switzerland 3.0, reproduced with the permission from Swisstopo
(JD100042)). (b) The bathymetry of Lake Kuivajärvi with the measurement raft (black square) and wind directions of acceptable EC data (dark patches). The patch
length corresponds to the median fetch (410m).
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length of the PTFE sampling tube was 3.5m, the inside diameter 4mm, and the flow rate 8 Lm�1. The EC
setup allows measurements of the sensible heat (H) and latent heat (LE) fluxes and momentum flux (τ). On
the raft, a four-way net radiometer (CNR-1) provided the full radiation budget (shortwave and longwave),
and a thermistor string of 16 Pt-100 resistance thermometers (accuracy 0.2°C; depths 0.2, 0.5, 1.0, 1.5, 2.0,
2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 6.0, 7.0, 8.0, 10.0, and 12.0m) enabled the calculation of the heat storage in water
and the thermocline depth according to Nordbo et al. [2011]. All the atmospheric measurements were
performed at a height of 1.7m above the water, and 30min averages were calculated for the analyses. In
addition, the relative humidity (RH) was directly measured at the raft at a height of 1.5m (MP102H-530300,
Rotronic AG, Switzerland). Fast measurements of the platform tilt angles were conducted with a dual-axis
inclinometer, but the tilting correction is unnecessary for Lake Kuivajärvi [Mammarella et al., 2015]. Model
forcing variables and the corresponding instrumentation are given in Table 1. For more information on the
measurement setup, see Heiskanen et al. [2014] and Mammarella et al. [2015].

Turbulent fluxes of sensible and latent heat and momentum were calculated from 10Hz raw data using
standard procedures implemented in EddyUH, a versatile software for EC flux calculations, developed at
the University of Helsinki (www.atm.helsinki.fi/Eddy_Covariance/EddyUHsoftware.php). Raw data were
despiked [Vickers and Mahrt, 1997a], a two-dimensional coordinate rotation [Kaimal and Finnigan, 1994]
was applied, cross-wind correction was done to sonic temperature data [Liu et al., 2001], and the mixing
ratio of water vapor was converted relative to dry air before the calculation of covariances. The maximum
of the cross-covariance function was used for defining the lag time between the water vapor signal
relative to the vertical wind speed. A linear trend was removed from the cross-covariance function
[Clement, 2004], and the lag time was allowed to depend on RH [Nordbo et al., 2012]. Covariances were
corrected for loss due to high- and low-frequency attenuation according to Mammarella et al. [2009],
where the high-frequency correction of water vapor depended on RH.

The EC fluxes were checked for quality according to the steady state test and integral turbulence
characteristics [Foken and Wichura, 1996]. Data with overall quality flag less than 4 were used. In addition,
flux data were omitted when the wind direction (WD) was not along the lake (0°<WD< 129°, 183°<
WD< 320°; Figure 1) since under these conditions the flux source area (i.e., footprint) extends into the lake
shoreline. Due to wind direction, 24% of the 30min data records were omitted. Other factors resulted in
there being 51%, 39%, and 35% of data left for H, LE, and momentum fluxes, respectively. The site has an
energy balance closure of 80% [Mammarella et al., 2015].

Table 1. Model Forcing Atmospheric Variables and Relevant Information

Variable Height (m) Sensor (Manufacturer) Nominal Accuracy Gap-Filled Data (%) Backup Data (Sensor) [RMSE]

Air temperature (Ta, K) 1.7a Ultrasonic anemometer USA-1 (Metek) 0.01 K 28 SMEAR II, 4.2 m, Pt-100 [0.7 K]
Wind speed (U, m s�1) 1.7 Ultrasonic anemometer USA-1 (Metek) 0.01m s�1 9 SMEAR II, 16.8m USA-1

[0.9 m s�1]
Specific humidity
(q, kg kg�1)b

1.5 RH from Rotronic sensor
(Rotronic Instrument Corp.)

0.8% RH 34 SMEAR II, 16.8m RH (Rotronic
Hygromet MP102H with

Hygroclip
HC2-S3, Rotronic AG, Bassersdorf,

Switzerland) [0.6 g kg�1]
Incoming shortwave
radiation (SW↓, Wm�2)

1.5 CM3 on CNR-1 net radiometer
(Kipp & Zonen B.V.)

3.4Wm�2 4 SMEAR II, Middleton Solar SK08
First Class Pyranometer

(Middleton Solar, Yarraville,
Australia) [28Wm�2]

Incoming longwave
radiation (LW↓, Wm�2)

1.5 CG3 on CNR-1 net radiometer
(Kipp & Zonen B.V.)

3.4Wm�2 4 SMEAR II, 33.0m CNR1 net
radiometer (Kipp & Zonen, Delft,

Netherlands) [14Wm�2]
Air pressure (p, Pa) 1.5 DPI260 barometer (General Eastern

Instruments, Woburn, MA, USA)
50 Pa 0 -

Precipitation (mmh�1)c 18 FD12P Weather sensor, Precipitation
and visibility meter (Vaisala Oyj,

Helsinki, Finland)

- 0 -

aHeight changed from 1.7 to 1.5 using Businger-Dyer formulations in the flux-gradient relationship. Effect was 0.32%.
bCalculated from relative humidity (RH), air temperature, and pressure.
cAt SMEAR II, above forest at 18m height.
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In addition to basic meteorology and turbulent fluxes, we made continuous measurements of KdPAR for the
photosynthetically active radiation (PAR; 400–700 nm) as well as campaign-wise spectral measurements.
Irradiance in water (Iw) decays according to the Beer-Lambert law as a function of depth (z; m):

Iw zð Þ ¼ I0exp �KdPARzð Þ; (1)

where I0 is the PAR irradiance just beneath the surface. In reality, Kd depends on wavelength, the optically
active substances in the water and illumination conditions (i.e., solar zenith angle, cloudiness, and angular
distribution of radiation). KdPAR depends on the spectral distributions of Kd, and I can be converted to percent
transmission per meter, T1 m (estimated here as T1m= 100 exp(�Kd * 1 m)), which gives the relative amount
of radiation left at the depth of 1m.

For continuous monitoring, PAR irradiance was measured at the depth of 0.2m in the lake (LI-192, LI-COR Inc.,
Nebraska, USA), and incoming PAR (Ia) was available at the forest station 750m away from the measurement
raft (LI-190SZ, LI-COR Inc., Nebraska, USA). The value of KdPAR was calculated as

KdPAR ¼ �
ln Iw

I0

� �

Δz
cos θð Þ

; (2)

where I0 is the part of Ia that was not reflected off the surface (i.e., I0 = (1� a)Ia, a is the albedo of PAR at the lake)
and Δz is the measurement depth of aquatic PAR (0.2m), which is corrected for the representative solar zenith
angle, θ. Note that the zenith angle is not exactly representative for radiance paths for irradiance since
cloudiness and surface roughness affect radiance paths. The PAR range is taken to be sufficient in equation (2)
because the contribution of wavelengths outside PAR to the thermal energy of the water column is at a level of
a few percent below the near-surface layer [Kirk, 2011].

For the campaign, a spectroradiometer (RAMSES, TriOS Optical Sensors, Germany) was used. It measures the
spectral irradiance for 3.3 nm wavelength bands between 320 and 950 nm resulting in 190 measurements
per scan. Measurements were made on 18 June 2014 and 23 July 2014 (a year later than the data used for
simulations). The measurement depths were 0.02, 0.05, 0.10, 0.15, 0.20, 0.30, 0.50, 0.75, 1.0, 1.5, and 2.0m.
For the determination of Kd, an exponential fit (equation (1)) was made from the surface to each depth
point so that at least the first four depths were included, and the fit with the smallest root-mean-square
error (RMSE) was chosen as the best.

For determining DOC (samples from 0.2m depth) and Chl a (samples from 0–3m) concentrations, weekly
water samples were taken with a Limnos® water sampler (volume 2.0 L). From these, DOC and Chl a were
determined as in Ojala et al. [2011].

2.3. Thermal Cycle and Simulation Setup

In 2013, ice-out took place on 1 May. Spring turnover followed immediately, and the surface temperature (Ts)
was 3.4°C. The autumn turnover took place on 11 October when Ts had cooled down to 4.6°C. The lake froze
over on 24 November. The simulation was started when the lake was isothermal, using the measured water
column average temperature of 3.6°C in spring and ran until the end of October.

A standard simulation was performed with a seasonally averaged, measured KdPAR (=0.59m
�1), a constant

fetch of 410m (median value of footprint calculations), lake depth of 12m (depth at the measurement
site), emissivity of 0.99, and a constant albedo of 0.07. In Lake Kuivajärvi, albedo varies between 0.05 and
0.1 during open-water period, and therefore, we assume that using a constant value produces only minor
error in the modeling. Interactions with the bottom sediments were included. We used a spin-up time of
4weeks, and validation data were omitted for this period. An additional set of 20 runs was made with
selected Kd values that remained constant throughout the simulation period.

2.4. Driver Variables and Gap Filling

Forcing variables of air temperature, wind speed, humidity, and incoming shortwave and longwave radiation
were measured directly on the lake. Pressure was measured at the forest site 750m away from the raft.
The longest measurement break during the open-water period 2013 was in the end of June (Figure 2).
Backup data for all of the forcing variables were available at the forest site (the base of the mast being
about 750m away and 40m higher than the raft), and the instrumentation is given in Table 1. Gap
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filling was performed using monthly linear fits, and the percent of gap-filled data and the RMSE between
above-lake and forest measurements are also given in Table 1. The forcing time series of the light
extinction coefficient was made using data only when the solar zenith angle was below 75° to avoid
problems with low solar angles. A 21 day running median was calculated to reduce scatter and to gap
fill the Kd data.

3. Results and Discussion
3.1. Atmospheric Forcing

The 5 day running means of the gap-filled atmospheric forcing during the open-water period 2013 are
presented in Figure 2. Air temperature was 4.5°C in the beginning, rising to the highest value, 20.4°C, in
the end of June, until gradually declining to approximately 5°C in November (Figure 2a). The average wind
speed was 2m s�1, and a windy period was observed in mid-July (Figure 2b), when 5 day wind speeds
exceeded 4m s�1. Winds were typically blowing along the lake, either from north or from south, as is
typical of Lake Kuivajärvi (Figure 2c). Incoming shortwave radiation had a declining trend from around
400Wm�2 in the beginning of the measurements to around 100Wm�2 in the end, whereas incoming
longwave radiation was around 320Wm�2 during the whole study (Figure 2d). The median albedo was
0.07 (0.01 resolution, not shown) during the study period. The rain intensities were in general low,
<4mmh�1 almost all the time, although there were periods with rain almost every day for about 2weeks,
as seen in mid-June, August, and in the beginning of November (Figure 2e).

3.2. Roughness Parameterization

The roughness length calculated from EC measurements was much higher than in the original
parameterization for oceans: the Charnock parameter α was 0.38 instead of the original 0.015 (Figure 3).
The higher observed turbulent fluxes than expected with the given wind speed points to other sources
contributing to TKE in addition to surface layer wind shear. This additional source was probably the
transported large eddies from the surrounding forest with rougher surface conditions [Vesala et al., 2012].
Therefore, using the roughness parameter calculated from observations forces the lake models to calculate
the same momentum and turbulent heat fluxes as measured with the EC.

Figure 2. Forcing time series from Lake Kuivajärvi in 2013. (a) Air temperature (°C), (b) wind speed (m s�1), (c) wind direc-
tion (degree), (d) incoming shortwave (black line) and longwave (blue) radiation (Wm�2), and (e) precipitation (mmh�1).
Values are 5 day running means of 30min data (except for wind direction and rain), and only daytime values for incoming
shortwave radiation are used. Gap-filled data are shown in brown.
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It has been demonstrated that the roughness of lakes
exposed to weak winds is higher than that of an ocean
[Wüest and Lorke, 2003]. The measured values were also
higher than predicted by a parameterization for lakes
[Subin et al., 2012] and the parameterization in the FLake
model used here. The FLake model takes into account
the dependency of α on fetch and wind speed, but
clearly, this parameterization does not work for a small
sheltered lake. Stepanenko et al. [2014] observed that the
roughness is a crucial parameter for correct simulation of
mixed layer depth in a lake. Thus, in this study, we used
α=0.38 in the flux parameterizations of both models.

3.3. Observed Water Clarity

There was large scatter in Kd derived from the
measurements (equation (2)), which was expected since
the fluctuation in underwater irradiance is high on short
time scales [Hieronymi and Macke, 2012]. The median
value for Kd was 0.59m

�1 (25th percentile 0.43 and 75th
percentile 0.79; Figure 4a). Kd was lowest during both
spring and autumn overturns, ~0.5m�1, and highest
midsummer, ~0.7m�1. DOC was highest in spring,
almost 15mg L�1 (Figure 4b), and declined then
concomitantly with the progress of stratification. DOC

reached the lowest values just before autumn overturn, <11mg L�1, after which a slow increase followed.
The 2013 chlorophyll data were not available, but according to 2011–2012 data (not shown), after ice-off
Chl a rises from <10μg L�1 to 30–50μg L�1 in mid-July and then declines to <2μg L�1 in late autumn.

Williamson et al. [1996] noted that when DOC concentrations were high in general, the seasonal variation in
DOC hardly affects Kd, which probably was the case in Lake Kuivajärvi with high DOC concentrations. The
data suggest that DOC defined the general level of Kd, whereas the yearly succession of plankton may
explain the small but visible intraannual pattern in Kd. We lacked the data of particulate matter

concentration, but expected it to be low
since there are no shallow areas near
the measurement site, and during
summer the inflow from streams is low.

The relation of DOC concentration and
water clarity is often estimated from
regression curves based on a collection
of different lakes [Morris et al., 1995;
Rae et al., 2001; Read and Rose, 2013].
These show a wide range of variation
in Kd, from 0.3 to 5m�1, in the DOC
concentration range of our study,
0.8–1.2mmol L�1. This makes sense
since lakes are optically complex water
bodies where the optical properties
depend not only on DOC (more
specifically colored dissolved organic
matter) but also on suspended matter
and Chl a. The measured Secchi depth
from Lake Kuivajärvi and the regression
equation by Arst et al. [2008] to
estimate Kd would yield a value of

Figure 4. Time series of (a) diffuse light extinction coefficient (Kd, m
�1) for

the PAR (400–700 nm) in Lake Kuivajärvi (the onset of turnover is marked
with vertical dashed line) and (b) DOC concentration (mg L�1) in 2013.

Figure 3. Roughness length (z0, m) as a function of
friction velocity (u*, m s�1). The parameterizations by
Charnock [1955] for smooth and rough flows (ν is the
kinematic viscosity of air), by Vickers and Mahrt [1997b]
and Subin et al. [2012], and the original parameteriza-
tion in the FLake model (U is the wind speed, F is the
fetch, and g is the gravitational acceleration) are
shown. The measurements during near-neutral condi-
tions (Obukhov stability parameter values |ζ |< 0.05)
are also shown as median bins, as well as a Charnock
equation for rough flow with the increased Charnock
parameter, α = 0.38.
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about 1.3m�1. However, also in Arst
et al. [2008], the scatter of Kd between
lakes was high with Secchi depths
similar to that of Lake Kuivajärvi (Kd
ranging from <1.0m�1 to about
4m�1), which suggests that the
estimation of Kd from Secchi depth
should be used with caution. Since
DOC quality affects Kd, and the
attenuation coefficients differ for
different wavelengths [Morris et al.,
1995], comparison between different
lakes is difficult if not made within
the same region with similar DOC
composition, and indeed, Lake
Kuivajärvi has similar Kd as some other
lakes in the same region with similar
DOC and Chl a concentrations [Arst
et al., 1997].

The spectral dependency of Kd showed that blue wavelengths (due to colored dissolved organic matter) and
near-infrared wavelengths (due to pure water) are strongly attenuated. Radiation with a wavelength of about
700 nm was attenuated the least (Figure 5). This observation is very common for similar type lakes in Finland
and Estonia [Arst et al., 2008, their Figure 10]. Short wavelengths were attenuated more in June than in July
which can be attributed to the amount of organic carbon and Chl a. The attenuation of different wavelengths
depends also on solar zenith angle during sunny days [Zheng et al., 2002] and cloudiness. This should not
have a significant impact on Kd in Lake Kuivajärvi, since most days in Finland are at least partially cloudy
and the shown variation of Kd (on the order of 0.1m�1) according to solar zenith angle was only related to
red wavelengths.

3.4. Water Temperature Profile and Energy Fluxes

In Lake Kuivajärvi the thermocline developed at about 2m depth in the spring and deepened to 9m before
the autumn turnover in October (Figure 6a). In FLake simulations, the surface water temperature was on
average 1.1°C too high, more so in autumn (Figure 6b), the mixing too strong, and the thermocline depth
erroneously remained nearly constant. Contrastingly, the LAKE model simulated the thermocline
deepening correctly, but the surface was also too warm (1.0°C), and the temperature fell too fast as a
function of depth (Figure 6c), perhaps indicating some missing mixing mechanisms in the thermocline,
e.g., gravity waves breaking, Kevin-Helmholtz instabilities, or seiching. Note that the models did not use
cool skin parameterization and the modeled Ts are compared to the measured Ts at 20 cm depth.
Especially in turbulent conditions we expect this to be a minor source of error.

The partitioning of surface momentum flux into wave development and surface water shear stress prevented
too deep mixing. LAKE was able to simulate the temperature stratification better than FLake, indicating that
the multilayer approach is better suited than a parametric representation. An overestimation of 0.1–1.1°C in
the surface water temperature was also seen in five models for Lake Valkea-Kotinen (Finland, 0.014 km2

[Stepanenko et al., 2014]). In the same study, it was concluded that the constant thermocline depth in
FLake was caused by an insufficient mixed-layer development when winds were weak, as is the case for
this small sheltered lake, too.

From the beginning of the study period to mid-August, up to 392MJm�2 of heat were stored in the water
body. This energy was released back to the atmosphere by the end of the study period. While the heat
content in the end of the period was actually 2MJm�2 lower than in the beginning, this value is within
experimental uncertainty and hence close to the expected zero difference over the course of a full open-
water period under the assumption of steady state conditions. Both models were able to simulate the total
heat storage at the mid-August peak very closely (FLake 384MJm�2 and LAKE 377MJm�2), but LAKE

Figure 5. Diffuse light extinction coefficient (Kd, m
�1) as a function of

wavelength (λ, nm) for June 2014 (three measurements per day) and
July 2014 (two measurements, similarly).
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simulated too much heat in the water body at the end of the period (72MJm�2), whereas FLake simulated a
net loss of heat (�18MJm�2).

The sensible heat flux was simulated well by FLake (coefficient of determination, r2 = 0.80, slope of the linear
fit 0.75, and the y intercept 6.43) and LAKE (r2 = 0.83, slope = 0.79, and y intercept = 3.12), although both failed
in simulating the extreme values of H (Figures 7a and 7d). The simulated diel variations of H followed the
measurements, and the seasonal and diel variation in the heat storage change was successfully described
by both models (Figure 8). Latent heat flux was consistently overestimated by both models (FLake by 34%
on average, r2 = 0.69; LAKE by 35%, r2 = 0.71; Figures 7b and 7e), and the bias was also seen in the diel

Figure 7. For FLake model, the measured (x axis) versus modeled (y axis) (a) sensible heat flux, (b) latent heat flux, and (c) fric-
tion velocity and the (d–f) respective plots for LAKE model. A linear fit (red line) and its coefficients are shown on the subplots,
in addition to a 1:1 line (black). The density of data points is shown with shades of gray (arbitrary units, i.e., points/area).

Figure 6. Water temperature (°C) profile as a function of time: (a) measured, (b) modeled with FLake, and (c) modeled with
LAKE. Temperature is given on contours, the thermocline is shown with a black dashed line, and the turnover period is
shown with a gray dashed line. The data are 5 day running means.
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variation. There was a difference between the model runs and measurements of LE which appeared about
the same time with the heavy rain event in mid-August. Either the models are unable to capture this or
there is some undetected error in the measurements after the event.

Martynov et al. [2010] observed that FLakemodeled LE reasonably well butHwas overestimated up to 50%. In
Thiery et al. [2014a], FLake gave higher estimates than LAKE for both LE and H. However, they concluded that
FLake was very sensitive to model configuration in their study of a deep, tropical lake. In our study, since the
measured and modeled H were in agreement even though the modeled Ts was about 1°C too high, probably
too much of the available energy was allocated to LE. Inaccuracies in humidity data could affect LE, but we
believe that there was no significant bias in the forcing data. Another reason for the bias could be the
inaccuracy of the calculated heat storage change in the water body, but this is unlikely since the resistance
thermometers used are precise and the modeled and calculated change in heat storage were in
agreement. However, some bias may have been produced by using spot samples of temperature
(thermistor string) to represent the temperatures of an area (EC footprint). Furthermore, the friction
velocity was underestimated by both models (Figures 7c and 7e and Figure 8), despite the increased
Charnock number (see section 3.2).

3.5. Model Sensitivity to Water Clarity

To compare our results to other existing studies, Kd was varied 25% around its true value. The seasonal
average of surface water and epilimnion were colder by 0.31°C and 0.63°C (FLake) and 0.32°C and 0.68°C
(LAKE), respectively, when the water was darker. Perroud and Goyette [2010] simulated the water
temperature profile of Lake Geneva (Switzerland, 580 km2) using the SIMSTRAT 1-D lake model and varied
Kd (estimated from Secchi depth) by ±25%. They showed that the maximum monthly difference between
the two simulations in the epilimnetic temperature was 0.33°C. Read and Rose [2013] simulated the water
temperature profile of Trout Bog (Wisconsin, USA; 0.015 km2, Kd= 3.51m�1) with a mechanistic model and
varied the DOC concentration by ±50%. This was equivalent to 11% change in Kd (according to their
Figure 1). They showed that the water temperatures were >2°C lower in the dark-water case than in the
clear-water simulation.

When Kd increases, more energy is absorbed in near-surface water which leads to higher surface
temperatures and increased H and LE. When Kd was increased by 25%, both turbulent fluxes increased: H
by 3.4% (FLake) and 1.6% (LAKE) and LE by 4.0% and 2.3%, respectively. Potes et al. [2012] studied Alqueva
Reservoir (Portugal; 250 km2, eutrophic) using FLake with two extreme values of Kd (1.0m�1 and 6.1m�1).
They concluded that the simulated diel range of surface temperature increased by 1.2°C and the sensible

Figure 8. Diel course averaged over 1month of surface temperature (Ts), sensible heat flux (H), latent heat flux (LE), heat
storage change (ΔQ), and friction velocity (u*). The measurements (black continuous line), FLake model (red dashed line),
and LAKE model (blue dashed line) are shown.
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and latent heat fluxes increased by 7% and 3%, respectively. In this study, H and LE increased by 8% and 5%
(FLake) when Kd was increased from 1m�1 to 3m�1.

Correlations between the measured and simulated surface temperature and turbulent fluxes were best when
a realistic Kd was used (gray circles in Figure 9). When simulations were done with too high T1 m (i.e., low Kd),
the coefficient of determination between the simulated and measured fluxes decreased fast, by about 0.15
per 10% change in T1 m. Contrastingly, the sensitivity to a too low T1 m (high Kd) was negligible since the
optical depth was much less than the mixing depth. When Kd is estimated to be lower than measured, a
rapid increase in the amount of radiation penetrating below the epilimnion is observed, whereas in the
case of too high estimate of Kd, the change in penetrating radiation is much smaller [see Hocking and
Straškraba, 1999] (Figure 3). We found the critical threshold for Kd to be ~0.5m�1, which supported the
results by Rinke et al. [2010]. Thus, the response of 1-D lake models is nonlinear with respect to Kd, and the
models are much more sensitive if the water is estimated to be too clear.

With FLake, an additional simulation (black crosses in Figure 9) was made with 21 day running median-
filtered values of the measured KdPAR (Figure 4). In Lake Kuivajärvi, the simulation with a constant Kd value
(observed average over the study period) and a time-dependent value produced very similar results
(Student’s t test, P=0.01). There was no observable seasonal difference either, and turbulent fluxes were
not significantly affected.

3.6. Differences in Stratification Patterns in Clear- and Dark-Water Simulations

The two models were run with 20 logarithmically evenly spaced Kd values (0.01–3.00m�1) that were kept
constant throughout the simulation period. However, the results of LAKE are discussed here since it
represented the thermal behavior of Lake Kuivajärvi more precisely.

Figure 9. For FLake model, the correlations (y axis) between measured and modeled (a) surface temperature, (b) sensible
heat flux, and (c) latent heat flux and the (d–f) respective correlations for LAKE model. The x axis is given in terms of the
extinction coefficient (Kd, top) and percent transmission per meter (T1 m, bottom). Each of the dots represent one run with
fixed Kd, and the red color denotes the simulations with darker water and green with clearer water (see also linear fits in
panels), and the black crosses denote the experiments with the measured time-evolving Kd (only for FLake).
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Clear water allows the light to penetrate deep into the water. The resulting heat energy is distributed to a
larger volume leading to lower surface water temperatures, Ts (Figure 10a), and deeper thermocline formation
(Figure 10b). After the beginning, when the thermocline had developed at about the same depth (2m) in all 20
simulations, the deepening was much faster for simulations with a low Kd. The sign of surface water
temperature response to smaller Kd changed from negative to positive roughly when summer stratification
period was superseded by autumnal mixing (Figure 10a). During summer stratification, Ts was higher for
larger Kd values due to larger fraction of solar radiation absorbed in the mixed layer. However, mean water
column temperature, Tavg, was lower (Figure 10c) due to enhanced heat loss at the surface via longwave
raditation and sensible and latent heat fluxes (Figures 10d and 10e). As a result, by beginning of fall
overturn, lake with smaller Kd has accumulated more heat, and during overturn the surface temperature is
higher than in a lake with higher Kd. Due to differences in heat loss, in our study when the maximum Tavg was
reached in August, it was about 10°C lower in the darkest water simulation (Kd=3.0m

�1) as opposed to the
clearest water run (Kd=0.01m

�1). Hocking and Straškraba [1999] carried out similar modeling with same kind
of findings on the effect of changes in Kd on Ts, Tavg, and thermocline depth. Also, the surface water
temperature response to Kd changed sign at the onset of autumn overturn (their Figure 9a). Jones et al. [2005]
observed constantly higher Ts and lower Tavg in a closure with high Chl a compared to low Chl a closure.
Unfortunately, they had no optical measurements, and therefore, these results cannot be related to Kd values.

According to simulations with different, fixed Kd, the seasonal thermal progress of the lake depended
nonlinearly on Kd. During spring the lake heated at different rates depending on Kd. However, during the
period from mid-July to the end of August, the surface water temperature was very similar (i.e., ΔTs<±2°C)
in almost all the model runs (Figure 10a), which resulted in similar cooling rates in the end of summer. These

Figure 10. Time series (5 day runningmean) of (a) surface water temperature gradient betweenmodel runs withmeasured and fixed Kd, (b) thermocline depth, (c) aver-
age water column temperature, and (d) sensible and (e) latent heat fluxes. Themeasured value (thick black line) in addition to the values from selected LAKEmodel runs
with fixed light extinction coefficient values (Kd, legend) in 2013 before autumn turnover are shown. For figure clarity, only a selection of runs is presented.
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resulted in much higher Tavg in clear-water simulations (16°C) as opposed to the dark-water ones (8°C) at
the time of the onset of autumn overturn. Before the autumn overturn, there was a 4m difference in the
thermocline depth between the simulation with clearest and darkest water. Rinke et al. [2010] compared the
simulated temperature difference between the surface and 20m depth and noticed that in dark-water
simulations, the surface water both heated and cooled more rapidly, so that a cooling phase following a
heating phase can quickly destroy the differences in thermal stratifications between runs with different Kd
(their Figure 6). Our results seem to indicate that heating and cooling are not equal and opposing processes
in lakes since heating occurs over a wide depth range (typically extending meters below the surface) and
cooling only over the thin air-water interface. Therefore, in our study, cooling did not completely counteract
the effect of heating on the thermal structure of the lake between simulations with different Kd.

In general, the darker water runs had an earlier and stronger onset of stratification, mixed layer was shallower,
and autumn overturn began earlier with lower water column temperatures (Figure 11). Since the heat
content of dark-water lake is lower after the onset of autumn overturn, the surface water is more prone to
reach freezing temperatures. This distinction between clear- and dark-water lake is more pronounced the
earlier the winter starts during the particular year. If the onset of the winter is prolonged, there is more
time for the clear-water lake to lose heat and “catch up” the dark-water lake. Therefore, this could suggest
that as a whole the open-water period is actually shortened if the water becomes more turbid.

In Lake Kuivajärvi, model runs with low Kd showed that the mixed layer is shallower than the euphotic zone;
i.e., primary producers always stay in the euphotic layer. However, it seems that the euphotic layer depth is
decreased faster than the mixed layer depth when Kd is increased, so that in dark water the primary
producers can be transported to depths where there is insufficient light for primary production. For example,

Figure 11. The isotherms of Lake Kuivajärvi throughout the open-water period 2013. The top left are the measured
temperatures, and the others are modeled with LAKE using fixed Kd. The horizontal dashed black line represents the
optical depth (Kd

�1) and the solid black line the euphotic depth (2 × Kd
�1).
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with Kd=0.6m
�1, the euphotic depth was almost always below themixed layer until mid-August, whereas with

Kd=1.05m�1, the mixed layer was deeper than euphotic depth most of the time already after June (Figure 11).

The stronger thermocline due to higher Kd could inhibit the mixing of hypolimnetic waters to the epilimnion
and hinder the entrainment of nutrients, as discussed in Jones et al. [2005]. On the other hand, Hocking et al.
[1999] noticed that since the epilimnion is shallower when Kd is higher, less energy is needed to mix the
shallow warmer layer and therefore more energy is available for further deepening of the mixed layer.
Note that mixed layer and thermocline depth are not equivalent measures but in the case of strong
mixing and sharp thermocline they can have more or less equal values, as is typical of Lake Kuivajärvi. Our
data seem to lend support to the finding by Hocking et al. [1999], since after the strong wind event in mid-
July, the thermocline deepened the most in dark-water simulations and least in clear-water ones. It has
been estimated for Lake Kuivajärvi that high concentrations of CO2 can be upwelled from hypolimnetic
waters during strong winds [Heiskanen et al., 2014], but it is uncertain whether increase in Kd would
decrease the entrainment of nutrients or would it actually be increased, because nutrient dynamics were
not incorporated to the models in the current study.

4. Summary and Conclusions

Simulations of lake-atmosphere interaction and lake thermal regime were done using two 1-D lake models
(FLake and LAKE), and results were compared with direct measurements from Lake Kuivajärvi (area
0.62 km2, median Kd= 0.59m�1). The observational data set is composed of EC fluxes, a lake water
temperature profile, and water clarity measurements in addition to basic meteorological variables.
Simulations were performed for 20 different water clarities, and an additional simulation with FLake was
done using 30min averaged measured Kd as a driving variable.

Both lake models were very sensitive to Kd if simulations were performed with too low values (clearer than
actual water). In this case, the coefficient of determination between the simulated and measured turbulent
fluxes decreased fast, by about 0.15 per 10% change in T1m. In contrast, the sensitivity to higher than actual
Kd was negligible. Thus, we recommend that if the clarity of a lake is not known exactly, it is better to use a
value of Kd that is too high than too low in lake simulations. We believe that NWP in regions of relatively
clear lakes (e.g., at high altitudes) will benefit most from a global mapping of Kd. Such a global map could be
created using satellite remote sensing, as was done for Lake Taihu [Wang et al., 2011] and Alqueva reservoir
[Potes et al., 2012]. The simulations with the FLake model were not improved when time-dependent Kd was
applied as opposed to using a fixed Kd (average measured Kd over the whole open-water period). Therefore,
it is adequate to start a time-independent global mapping of Kd for future use in NWP.

The roughness length in model parameterizations was substantially increased (Charnock α=0.38), but the
friction velocity was still underestimated by both models. In the simulations with a seasonally averaged Kd,
surface water temperature was overestimated by about 1°C by both models, but the diel and seasonal
variations of the change in heat storage were adequately simulated. Sensible heat was simulated without
a bias, but seasonally averaged latent heat flux was overestimated by both models by over 30%. In
general, both models described the lake-atmosphere interaction satisfyingly. Although it was outside the
scope of this work, it is evident that more attention should be given to the roughness parameterizations in
small sheltered lakes.

According to our model runs, during summer the mixed layer depth is smaller than the euphotic depth when
Kd is <0.6m�1. Therefore, in small lakes with low winds and shallow mixed layers, the primary producers
typically reside in the euphotic layer. Darker water could, however, lead to light limitation of primary
production since the euphotic depth seems to decrease faster than the mixed layer depth.

We observed that changes in Kd had nonlinear effects on the thermal stratification when themodels were run
with different, fixed Kd. While the progress of the stratification differed between these runs during the spring,
the autumnal decay occurred at the same rate, leading to much lower water column temperatures during the
autumn overturn when Kdwas high. This could lead to earlier ice cover in dark-water lakes since the lake heat
content is lower in late autumn. Thus, climate change-related alterations in precipitation patterns and
resulting changes in CDOM loading could lead to very different thermal stratification and alter the onset of
ice cover, both of which would have significant impact on lake-biota and lake-atmosphere interactions.
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