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Abstract

Abstract

This thesis was motivated by the need to advance the knowledge on the variability and
dynamics of energy fluxes in lakes and reservoirs, as well as about the physical processes that
regulate the fluxes at both the air and water side of the air-water interface.

In the first part, | re-examine how mechanical energy, resulting from its major source —
the vertical wind energy flux - distributes into the various types of water motions, including
turbulent flows and surface and internal waves. Although only a small fraction of the wind
energy flux from the atmosphere is transferred to the water, it is crucial for physical,
biogeochemical and ecological processes in lentic ecosystems. Based on extensive air- and
water-side measurements collected at two small water bodies (< 10 km?), we estimated the
energy fluxes and energy content in surface and in internal waves. Overall, the estimated
energy fluxes and energy content agree well with results reported for larger water bodies,
suggesting that the energetics driving the water motions in enclosed basins is similar,
independently of the basin size. Our findings highlight the importance of the surface waves
that receive the largest fraction of the wind energy flux, which strongly nonlinearly increases
for wind speeds exceeding 3 m s™'. We found that the existing parameterization of the wave
height as a function of wind speed and fetch length did not reproduce the measured wave
amplitude in lakes. On average, the highest energy content was observed in basin-scale
internal waves, together with high-frequency internal waves exhibiting seasonal variability and
varies among the aquatic systems. During our analysis, we discovered the diurnal variability of
the energy dissipation rates in the studied lake, suggesting biogenic turbulence generation,
which appears to be a widespread phenomenon in lakes and reservoirs.

In the second part of the thesis, | addressed current knowledge gaps related to the bulk
transfer coefficients (also known as the drag coefficient, the Stanton number and the Dalton
number), which are of a particular importance for the bulk estimation of the surface turbulent
fluxes of momentum, sensible and latent heat in the atmospheric boundary layer. Their
inaccurate representation may lead to significant errors in flux estimates, affecting, for
example, the weather and climate predictions or estimations of the near-surface current
velocities in lake hydrodynamic models. Although the bulk transfer coefficients have been
extensively studied over the past several decades (mainly in marine and large-lake
environments), there has been no systematic analysis of measurements obtained at lakes of
different size. A significant increase of the transfer coefficients at low wind speeds (< 3 m s™)
has been observed in several studies, but, to date, it has remained unexplained. We evaluated
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the bulk transfer coefficients using flux measurements from 31 lakes and reservoirs. The
estimates were generally within the range reported in previous studies for large lakes and
oceans. All transfer coefficients increased substantially at low wind speeds, which was found
to be associated with the presence of gusts and capillary waves (except the Dalton number).
We found that the Stanton number is systematically higher than the Dalton number. This
challenges the assumption made in the Bowen-ratio method, which is widely used for
estimating evaporation rates from micrometeorological measurements. We found that the
variability of the transfer coefficients among the lakes could be associated with lake surface
area. In flux parameterizations at lake surfaces, it is recommended to consider variations in
the drag coefficient and the Stanton number due to wind gustiness and capillary wave
roughness while the Dalton number could be considered as constant at all wind speeds.

In the third part of the thesis, | address the key drivers of the near-surface turbulence
that control the gas exchange in a large regulated river. As all inland waters, rivers are an
important natural source of greenhouse gases. The effects of the widespread alteration and
regulation of river flow for human demands on gas exchange is largely unknown. In particular,
the near-surface turbulence in regulated rivers has been rarely measured and its drivers have
not been identified. While in lakes and reservoirs, near-surface turbulence is mainly related to
atmospheric forcing, in shallow rivers and streams it is generated by bottom friction of the
gravity-forced flow. The studied large regulated river represents a transition between these
two cases. Atmospheric forcing and gravity were the dominant drivers of the near-surface
turbulence for a similar fraction of the measurement period. Based on validated scalings, we
derived a simple model for estimating the relative contributions of wind and bottom friction to
near-surface turbulence in lotic ecosystems with different flow depths. Large diel variability in
the near-surface energy dissipation rates due to flow regulation leads to the same variability in
gas exchange. This suggests that estimates of gas fluxes from rivers are biased by
measurements performed predominantly during daytime.

In addition, the novelty in all the analyses described above is the use of the turbulent
surface fluxes measured directly by the eddy-covariance technigue — at the moment of writing,
the most advanced method. Overall, this thesis is of a potential interest for a broad range of
scientific disciplines, including limnology, micrometeorology and open channel hydraulics.



Introduction

1 Introduction

1.1 Energy partition in lakes and reservoirs

The spatial and temporal distribution of the mechanical energy available for mixing in
lakes or reservoirs is crucial for a wide range of ecological processes. Mechanical energy is
subdivided into potential and kinetic energy. There are two main sources of mechanical energy
in lakes: surface shear created by the wind acting on the water surface and convection-
inducing heat flux. In terms of ability to set water in motion, wind forcing is the dominant driver
for internal lake circulation as well as for creating the surface waves (Imboden, 2003). The
dynamic interplay between the wind- and convective-driven turbulence regulates the heat,
moisture and gas exchange at the air-water interface. The transfer of heat and moisture across
the air-water interface can have a significant impact on the local weather, e.g., intensifying
precipitation (Changnon & Jones, 1972; Kato & Takahashi, 1981). The emissions of such
gases as carbon dioxide (CO.) and methane (CH.) from lakes are recognized as an important
part of the global carbon cycle that can affect the climate (Bastviken et al., 2011; DelSontro et
al., 2018). The gas exchange can be accelerated by wind-driven surface waves at the water
surface (Perolo et al., 2021).

During summer, lakes often experience density and thermal stratification. It is important
to distinguish the terminology used in the literature to describe the stratified conditions in lakes.
From a classical point of view, the water column can be subdivided into a three-layer structure
(from surface to bottom): epilimnion, metalimnion and hypolimnion (Wetzel, 2001). Epilimnion
is also known as the surface mixed layer which extends to the depth determined by the
strength and history of winds, heating or cooling. In addition, it is common to distinguish the
thermocline, which is defined as the surface of a maximum rate of decrease in temperature
with the water depth. Moreover, based on the field measurements of turbulence, in terms of
turbulent activity the water column consists of three layers that only partially intersect with
those mentioned above: the surface boundary layer (SBL), interior and the bottom boundary
layer (BBL) (Wuest & Lorke, 2003). Imberger (1998), however, defines a four-layer structure
in lakes using different terminology: the surface mixing layer, the subsurface mixing layer, the
main water column, the benthic boundary layer. A term the surface mixed layer (or epilimnion)
differs from the surface mixing layer as it forms during longer time scale. In this upper nearly
isothermal layer, energetic mixing controls the water quality and biological rate processes, for
example, providing oxygen and light for the growth of the planktonic organisms (Macintyre,
1993; Huisman et al., 2004, Peeters et al., 2007). In the lake interior (hypolimnion) the
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turbulence is suppressed by stratification. However, the internal waves that develop as a result
of the complex influence of both wind and stratification in the metalimnion are the important
mediator of nutrients from the bottom to the surface layer. It affects both the phytoplankton
community and overall water quality (Maclntyre & Jellison, 2001). Turbulence generated along
the boundaries in the BBL affects the oxygen consumption of sediments (Lorke et al., 2003),
therewith the rate of carbon burial and methane production (Sobek et al., 2009), and nutrient
release.

Different kinds of motions generated mainly by wind have various time and space
scales. Smith (1979) well observed an analogy with atmospheric circulation and noted that
these lake movements form part of the “underwater weather”. The literature suggests
exploring the lake dynamics in terms of energy fluxes (energy per unit area per unit time, in W
m2) and energy content stored in different motions (energy per unit area, in J m?) (Imboden &
Wauest, 1995). Typical values of the downward wind energy flux into the lake (also called “a
wind energy input”, P+ [W m=2]) span several orders of magnitude (from 5-103to 7 W m2) for
small and medium to large-sized lakes with a surface area (As [km?]) ranging between 5 and
31.7-10° km? (Ravens et al., 2000; Wuest et al., 2000; Imboden, 2003; Woolway & Simpson,
2017; Fernandez Castro et al., 2021). A general scheme of the fate of the non-dissipated wind
energy flux and the energy content is shown in Figure 1. The largest portion of the wind energy
flux is fed to the surface waves: 1.5-3.5% according to (Simon, 1997). Subsequently, the
largest energy content among all water motions (up to 10® J m?, according to (Imboden,
2003)) is stored in the surface waves.

Only a small fraction of the wind energy input is transferred into the lake (~0.13-2%
according to (Wuest et al., 2000; Imboden, 2003; Woolway & Simpson, 2017; Fernandez
Castro et al., 2021)). Energy transfer from wind to water was found to be more efficient during
the stratified season compared to periods of full mixing (Woolway & Simpson, 2017). Most of
the wind energy input (1.5% out of ~2% mentioned above) is dissipated in the surface layer
(Wuest et al., 2000). According to different sources, the typical order of magnitude for the
dissipation rates in this layer varies between 10° and 10*W kg™ for small and medium-sized
lakes (Wuest et al., 2000; Imboden, 2003). 0.42% or 1% of Pigis transferred to the internal
waves according to (Wuest et al., 2000; Imboden, 2003), respectively. Ultimately, 90% of that
enerqy is dissipated within the BBL.

Given the various terminology in the literature, it is important to clarify that the internal
waves with wavelengths of the same order as the lake diameter are also known as the basin-
scale internal waves (or standing wave modes, or internal seiches). Sub-basin-scale internal
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waves resulting from the degeneration of the basin-scale internal waves are called
propagating high-frequency internal waves. The latter appear at frequencies equal to some
fraction of the maximum buoyancy frequency, which is a quantity characterizing the strength
of the vertical density stratification (Heyna & Groen, 1958; Boegman et al., 2005; Preusse et
al., 2010). The energy stored in the basin-scale internal waves is the result of the interrelation
between kinetic energy produced by wind and potential energy represented by the vertical
isothermal displacement relative to their equilibrium position. Under the assumption that the
motions in lakes are not affected by planetary rotation, the principle of equipartition between
kinetic and potential energy is valid (Kundu et al., 2012). Thus, for simplicity, the total energy
in the basin-scale internal waves (sum of the kinetic and potential energy) is often estimated
as two times the averaged potential energy (Wuest et al., 2000). The total energy in the basin-
scale internal waves is typically one or several orders of magnitude less than the energy stored
in the surface waves (10— 196 J m?) (Wuest et al., 2000; Imboden, 2003; Fernandez Castro
et al., 2021). The estimates of the energy content in the high-frequency internal waves are so
far limited.

The integrated potential energy stored in the vertical density stratification is referred to
as Schmidt stability and its typical value for the lakes is approximately 10° J m? during the
periods of strong stratification (Imboden & Wuest, 1995). For a medium-sized temperate lake
(As = 24 km?), the annual average value is equal to approximately 60 J m? (Yang et al., 2016).
The net surface heat flux is the sum of the radiative heat fluxes due to solar radiation
(shortwave radiation) and to the infrared radiation emitted from the atmosphere and from the
water surface (longwave radiation), the non-radiative heat fluxes due to convection (sensible
heat flux) and evaporation or condensation (latent heat flux). The annual mean for lakes is 60
W m?2 (Imboden & Wuest, 1995). All these estimates of energy fluxes and energy content
described above were based on the limited number of studies and mainly on the information
compiled from asynchronously conducted measurements in different systems (Imboden,
2003). The generality of current figures, their transferability to water bodies of different sizes
and depth, and their temporal dynamics remain largely unexplored. Moreover, all existing
estimates are based on bulk parameterization of wind energy fluxes, since observations lack
direct measurements of atmospheric fluxes (Simon, 1997; Wuest et al., 2000; Imboden, 2003;
Woolway & Simpson, 2017; Simpson et al., 2021). Direct flux measurements are carried out
by the eddy-covariance (EC) technique, which is based on the covariations between the
turbulent velocity components and scalar air properties at a specified height (Smith, 1979;
Foken, 2008; Burba & Anderson, 2010). Using this technique, one can obtain the spatial and
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temporal average of turbulent fluxes originating from an area called the footprint. Nowadays,
the EC method is commonly applied for measurements above lakes (Blanken et al., 2000;
Vesala et al., 2006; Nordbo et al., 2011; Mammarella et al., 2015; Spank et al., 2020). The
role of surface waves in the energy budget appears to be constraint by observations, which
are restricted to a single study in a large lake (Simon, 1997; Imboden, 2003).

Downward wind |:| Energy content [J m<]
energy flux
Pio | 510% 7w m22s] Energy flux [W m- 2]
100% . / S
( Net heat flux

Surface waves 60 (max 2@\/\/ m27 L _
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Figure 1. Scheme of the energy fluxes and energy content according to the recent studies.
Superscript numbers in red and white colors correspond to the following studies: 1 - (Simon,
1997); 2 - (Wuest et al., 2000); 3 - (Imboden, 2003); 4 - (Fernandez Castro et al., 2021); 5
(Woolway & Simpson, 2017); 6 - (Ravens et al., 2000); 7 - (Imboden & Wuest, 1995); 8 -
(Yang et al., 2016). Large arrows show the main flux paths of the downward wind energy
flux (P1) and the percentage which is attributed to different type of motions. White and
yellow rectangles contain the typical magnitude of the fluxes (in W m) and energy content
(in J m2), respectively.
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1.2 Air-water interface as key boundary for lake-atmosphere interaction

1.2.1 Turbulent surface fluxes in the atmospheric surface boundary layer

In the section above, we mainly introduced the overall energy partition in lakes and
reservoirs providing the overview of the major water motions. Here, we focus on the key
boundary — the air-water interface — which separates two layers: the atmospheric and the water
surface boundary layers (Figure 2). The air-water interface is crucial for the lake-atmosphere
interaction including the input of momentum and the exchange of heat and volatile substances,
such as dissolved gases. With focus on the atmospheric boundary layer, we aimed to explore
in detail the exchange of momentum, heat and water vapor, expressed via the momentum,
sensible and latent heat fluxes (see Appendix Il). An accurate evaluation of these fluxes above
the lake ecosystems is important, as lakes are known to have an impact on local weather and
climate. For example, lakes affect the stability of the atmosphere above (Sun et al., 1997),
leading to the formation of clouds and precipitation on the shores (Changnon & Jones, 1972;
Kato & Takahashi, 1981; Eerola et al., 2014; Thiery et al., 2016). The past three decades
have seen a rapid development of lake models (Stepanenko et al., 2014) and their
incorporation into numerical weather and climate prediction models (Ljungemyr et al., 1996;
Mironov et al., 2010; Salgado & Le Mogne, 2010). Experiments on the coupling of lake and
the atmospheric models revealed improved performance of weather prediction (Balsamo et
al., 2012).

Momentum, sensible and latent heat fluxes are commonly parametrized by the bulk
formulations. Bulk formulas are based on gradient approaches utilizing transfer coefficients
(bulk transfer coefficients) and easy to measure meteorological and limnological variables, i.e.,
wind speed, air temperature, air humidity and water surface temperature (Stull, 1988). The bulk
transfer coefficients of momentum, heat and water vapor are known as the drag coefficient
(Cpy), the Stanton number (Cyy) and the Dalton number (Cgy). In the notations, “N” stands for
“neutral” transfer coefficients, corresponding to the neutral thermal stability of the atmosphere.
These bulk transfer coefficients are among the key parameters in atmospheric and lake models.
They are often considered as model tuning parameters (Stepanenko et al., 2014), despite the
fact that their incorrect representation can lead to errors in the bulk flux estimates. Therefore,
much effort has been put into developing their correct parameterizations. A lot of research has
been dedicated to the drag coefficient (overview in Garratt (1977) and Kantha & Clayson
(2000)). Fewer studies analyzed the other transfer coefficients (Harbeck, 1962; Hicks, 1972;
Xiao et al., 2013). The first studies mainly investigated the transfer coefficients for large lakes
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and marine environments. While the drag coefficient is known to be dependent on wind speed,
atmospheric stability and the surface roughness length, which could be a function of the
surface wave field, the research is still ongoing. Although early marine studies agreed that the
drag coefficient increases nearly linearly with the increasing wind speed (Kantha & Clayson,
2000), more recent studies revealed a significant increase at wind speed below 3 m s
(Grachev et al., 1998; Wuest & Lorke, 2003; Wei et al., 2016). This increase could be up to
ten times higher than the constant value of 1.3:10-3, which corresponds to the typical value of
open water surface roughness and is widely accepted in models (Foken, 2008).

Tl HTLET Al

X UEXOXE)

Water Buoyancy Hﬁ\’]

Figure 2. Air-water interface: the key boundary in lake-atmosphere interaction. Momentum,
sensible and latent heat fluxes (denoted by 7, H and L, E, respectively, where L, is the latent
heat of vaporization) are marked as narrow arrows. The standard sign convention is that the
momentum flux is defined as positive downward, while sensible and latent heat fluxes are
defined as positive upward. Large arrows indicate the main driving forcing mechanisms for
the near-surface turbulence: wind, surface buoyancy flux and flow for the regulated rivers
(transitional case between lentic and lotic ecosystems, see Section 1.2.2 and Appendix II).

Despite the fact that there have been many attempts to address the reasons for such
an increase, there is still no consensus in the scientific community. Researchers tried to find
possible explanations by looking at the surface roughness parameterization. The low wind
speed regime was first described as the aerodynamically smooth flow and the surface
roughness is described as a function of the thickness of this layer (Schlichting, 1968). On
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the contrary, Wu (1988) proposed that at low winds the flow is aerodynamically rough and
capillary waves are the main drivers. The surface roughness length in that case is described
as a function of the water surface tension. As an additional possible mechanism for the
increase of the drag coefficient at low winds, Grachev et al. (1998) and Fairall et al. (2003)
suggested the influence of gusts — large convective eddies. Instead of the standard
formulation of the drag coefficient, Grachev et al. (1998) described an alternative approach
for its estimation, which accounted for the effect of gusts. Similar to Grachev et al. (1998),
Sahlée et al. (2014) and Liu et al. (2020) related the increase of the drag coefficient to
nonlocal effects such as the penetration of large eddies into the surface layer from the
atmosphere above. Liu et al. (2020) introduced the factor describing this effect (however,
over the land surface and only for neutral atmospheric stability). None of the processes
mentioned above could explain such a strong increase of the drag coefficient estimated from
measurements above a relatively large lake (Wei et al., 2016). However, their study indicated
that this increase at low wind speeds was associated with enhanced turbulent kinetic energy
due to buoyancy flux.

At wind speeds exceeding 3-4 m s, surface waves start to develop (Ataktirk &
Katsaros, 1999; Simon, 1997; Guseva et al., 2021). In the most simplified way, the drag
coefficient for this wind speed regime was first described by parameterization of the surface
roughness, called the Charnock relationship (Charnock, 1955). In that case, the surface
waves were assumed to be fully developed, and the surface roughness was a function of the
wind stress. However, later on, Donelan (1990) and Geernaert (1990) summarized that this
assumption might not hold for lakes with limited wind fetch. Consideration of surface wave
development expressed by wave age in the surface roughness length parameterization was
beneficial for the drag coefficient estimation (Donelan, 1982; Ataktirk & Katsaros, 1999).
Vickers & Mahrt (1997) reported that for a given wind speed, the drag coefficient tends to be
larger for young steeper waves representative of short wind fetches than for longer fetches.
However, very often the surface wave measurements are not available for lakes and Charnock
relationship is used as a first approximation.

Several studies focused on the possible relationship between the bulk transfer
coefficients and different lake properties such as lake surface area (Harbeck, 1962; Brutsaert
&Yeh, 1970; Read et al., 2012; Woolway et al., 2017), lake depth at the measurement location
(Panin et al., 2006), wind fetch at the measurement location (LUk& et al., 2020) and lake biota,
e.g., submerged macrophytes (Xiao et al., 2013). According to those studies, the transfer
coefficients tend to decrease with increasing water depth, lake area, fetch and in the presence
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of water plants at the water surface. Note that Panin et al. (2006) and Woolway et al. (2017)
revealed a correlation between the transfer coefficients and the lake parameters, but their
estimates of the transfer coefficients were based either on bulk parameterization (Woolway et
al., 2017) or were compared to other studies where there were no direct flux measurements
(Panin et al., 2006).

Despite the fact that in the marine studies the Stanton and Dalton numbers also
showed an increase at low wind speeds, both transfer coefficients were considered as being
approximately constant with a value of 1.1-10® (Kantha & Clayson, 2000). The first
measurements carried out in lakes revealed that this value was higher and equal to ~1.5-107
(Harbeck, 1962; Hicks, 1972) or 1.9-10-3 (Strub & Powell, 1987). From the most recent studies
(Xiao et al., 2013; Li et al., 2016; Wei et al., 2016; Dias & Vissotto, 2017), there is evidence
that both transfer coefficients depend on the wind speed and that the Stanton number is higher
than the Dalton number by approximately a factor of 1.3. This indicates that the earlier
assumption of the equality of both transfer coefficients may not be valid for lakes.

10



Introduction

1.2.2 Near-surface turbulence in the water surface boundary layer

The dynamics in the water surface boundary layer in lake ecosystems is closely related
to the forcing mechanisms in the atmospheric boundary layer above the lake. Here, we focus
on the physical processes in this layer. Currently, many studies explore a “hot” topic — the gas
exchange at the air-water interface - because the inland waters produce, receive, transport and
process carbon and, relative to their surface area, are disproportionally important for regional
and carbon cycling (Cole et al., 2007; Tranvik et al., 2009; Aufdenkampe et al., 2011). A key
parameter that regulates the gas exchange across the air-water interface is the gas transfer
velocity, which is mainly controlled by turbulence on the water side of the interface. Such
theories as surface renewal and thin-film models result in a dependence of the gas transfer
velocity on the dissipation rate of the turbulent kinetic energy near the water surface (Lamont
& Scott, 1970; Zappa et al., 2007; Katul & Liu, 2017). While in lentic aquatic ecosystems, such
as lakes and reservoirs, near-surface turbulence is mainly driven by atmospheric forcing
including wind shear, convective cooling and surface wave breaking (Maclntyre et al., 1995,
2010), in shallow lotic ecosystems, such as streams, turbulence is generated by bed shear
induced by gravity-driven flows (Figure 2) (Lorke & Maclntyre, 2009). Turbulence generated by
wind and the surface buoyancy flux in the surface boundary layer can be described by the
model (Tedford et al., 2014) proposed for lakes. Turbulence in rivers due to bed friction (in the
following sections we refer to as “bottom-generated turbulence”) can be described in three
ways: either assuming the constant shear over the water column (Lorke & Macintyre, 2009), or
assuming that the shear decreases toward the water surface and is equal to zero at the water
surface (Nezu, 1977), or by combining the latter assumption with a logarithmic profile of the
mean flow velocity (Nikora & Smart, 1996).

Alin et al. (2011) proposed a conceptual scheme in which the physical driver of the gas
transfer velocity in rivers undergoes a transition from the dominance of the wind control in large
rivers and estuaries toward increasing dominance of flow and depth in smaller streams. With a
growing number of the altered rivers worldwide (Grill et al., 2019), regulated rivers are of great
importance for studying the near-surface dynamics (controlling the gas exchange), as they also
can represent a unique transitional case between lentic and lotic ecosystems.

Currently, there is a limited number of studies that involve measurements of turbulence
as well as the gas exchange velocities in streams and the existing measurements are mostly
restricted to estuaries and tidal rivers. Some studies focused on gas exchange only and
provided empirical relations between the gas exchange velocity and bulk flow properties, such
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as channel slope, discharge, mean flow speed, and water depth (Raymond et al.,
2012; Wallin et al., 2018; Ulseth et al., 2019). These formulas are derived for streams but they
are applied to large rivers, as measurements are lacking.
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2 Objectives and Hypotheses

The aim of this thesis is to advance existing knowledge about the energy partition in
lakes and reservoirs with a focus on physical processes either in the water column of the water
body, or, in particular, at the air-water interface separating two boundary layers: atmospheric
and water. Regulated rivers are considered as a special environment that combines the
hydrodynamics of both lakes and rivers. The main research objectives and hypotheses (H) of
the thesis are:

(1) Identify the most relevant components of the total mean energy budget for two small (< 10
km?) water bodies: a lake and a reservaoir.

H1.1 The partitioning of the kinetic energy into surface and internal waves, boundary-layer
turbulence depends on the lake surface area and varies seasonally with density stratification.
H1.2 Hydrodynamic processes (e.g., presence of different types of internal waves) in a lake
and a reservoir are different as the reservoir experiences the water level fluctuations.

H1.3 The role of the surface waves in the energy budget is significant. The fraction of the wind
energy attributed to the surface waves depends on the wind speed.

(2) Investigate dependence of the bulk transfer coefficients on the wind speed and lake
characteristics over multiple lakes and reservaoirs.

H2.1 All bulk transfer coefficients strongly increase at wind speeds less than 3 m s™'. Increase
in the drag coefficient can be associated with either one of the physical mechanisms: the effect
of the viscous sublayer resulting in a smooth flow, the effect of capillary waves or the effect of
the large convective eddies from the atmosphere above.

H2.2 Bulk transfer coefficients at high wind speeds (>3 m s) depend on such lake properties
as lake surface area, wind fetch and depth at the measurement location.

H2.3 The transfer coefficients of heat and water vapor (Stanton number and Dalton number)
are on average equal for all water bodies.
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(3) Identify the key drivers for near-surface turbulence in a large regulated river.

H3.1 Near-surface turbulence in a regulated river is generated by an interplay between the dominant
forcing mechanisms associated with large rivers (wind or bed friction due to gravity-driven flow). The
relative importance of the dominant forcing mechanisms depends on the magnitudes of the dissipation
rates associated with them. In a simplified way, their relative contribution to the near-surface turbulence
can be presented as a function of mean wind speed, flow velocity and water depth.

H3.2 The temporal dynamics of the dissipation rates (and, therefore, gas transfer velocities) is

affected by the flow regulation.
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3 Outline

The thesis is organized in line with the objectives and hypotheses stated above and,
therefore, consists of three parts. Each part represents an article describing the investigation
and findings. The three articles are attached as Appendices: two of them have been published
(Appendix I, ll) and one is currently under the second stage of peer-review (Appendix I).

To address the objectives and test hypotheses in the first and the third parts, we
conducted field campaigns at the three sites: Lake Dagow (As = 0.3 km?, Germany), Bautzen
Reservoir (As = 5.3 km?, Germany) and the River Kitinen (181 m wide at measurement location,
Finland). At all three study sites, a similar set of instruments was installed to carry out
simultaneous water- and air- side measurements. A general scheme of these measurements
is shown in Figure 3.

All field campaigns were carried out in a close cooperation with our scientific partners
(see Acknowledgments and Appendices). The air-side measurements included the EC system
(see Section 1.1) which provided the wind speed and flux data. The water-side measurements
consisted of measurements of flow velocity, vertical water temperature profile and surface
waves properties.

Using this dataset, we quantified the energy fluxes and energy content in various types
of water motions in response to wind energy flux, compiling the energy budgets for two small
water bodies (Lake Dagow, Bautzen Reservoir, H1.1, Appendix /). Taking advantage of the
wave measurements covering a nearly complete annual cycle, we investigated the surface
wave characteristics and their dependence on wind speed (H1.3) and fetch. The predominant
modes of the basin-scale internal waves and the presence of the high-frequency internal waves
were examined (H1.2).

Based on the field measurements in the large regulated River Kitinen, the hypotheses
were tested (H3.1 - H3.2, Appendix Ill). The dataset was used to quantify the observed
dissipation rates. The dominance of the forcing mechanisms was identified via comparison of
the magnitude of the dissipation rates (associated with different forcing) estimated using the
validated approaches.

In the second part (Appendix Il), we took advantage of the growing number of the EC
flux measurements above lakes and reservoirs. We compiled a large dataset consisting mostly
of published data for 31 water bodies of various sizes and located in different climate zones.
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We used this dataset to obtain the typical values of the bulk transfer coefficients over the lakes
and reservoirs in order to investigate their dependence on wind speed (H2.1 — H2.2) and to
explain their variability among water bodies via relating them to different lake characteristics
(H2.3).

rx

T-Chain

/S

Figure 3. A general scheme of the measurements carried out to obtain the data used in the
thesis. The water-side measurements included the flow velocity measured by an acoustic
Doppler current profiler (ADCP) installed either on the lake bottom facing up or at the platform
facing down and an acoustic Doppler velocimeter (ADV). The ADV and the ADCP provided
the pointwise and profile velocity measurements, respectively. The vertical water temperature
profile was measured using a thermistor chain (T-Chain). The surface wave measurements
were made by a wave recorder (RBR-Duet). The EC system consisted of a sonic anemometer
and a gas analyzer and was installed at different sites by our scientific partners (see
Acknowledgments and Appendices |, II, Il).
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The articles and the corresponding parts mentioned above are listed below. Note that
articles are sorted here not by the date of publication but following the logic of the thesis.

Part 1
Appendix | —

Guseva, S., Casper, P., Sachs, T., Spank, U., & Lorke, A. (2021). Energy flux paths in lakes
and reservoirs. Water, 13(22), 3270. MDPI AG. doi: http://dx.doi.org/10.3390/w13223270.

Part 2
Appendix Il —

Guseva, S., Armani, F., Desai, A. R., Dias, N. L., Friborg, T., lwata, H., Jansen, J., LUkd, G.,
Mammarella, |., Repina, I., Rutgersson, A., Sachs, T., Scholz, K., Spank, U., Stepanenko, V.
M., Torma, P., Vesala, T., & Lorke A. (2022) Bulk transfer coefficients estimated from eddy-
covariance measurements over lakes and reservoirs. Submitted to Journal of Geophysical
Research: Atmospheres. Preprint doi: https://doi.org/10.1002/essoar.10511514.1.

Part 3
Appendix Il -

Guseva, S., Aurela, M., Cortés, A., Kivi, R., Lotsari, E., MacIntyre, S., Mammarella, ., Ojala,
A., Stepanenko, V., Uatila, P., Vaha, A., Vesala, T., Wallin, M. B., & Lorke, A. (2021). Variable
physical drivers of near-surface turbulence in a regulated river. Water Resources Research,
57, e2020WR027939. doi: https://doi.org/10.1029/2020WR027939.
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4 Discussion

In this thesis, | investigated the energy flux paths in freshwater ecosystems (mainly,
lakes and reservoirs) within the water column and at the air-water interface. For the analysis
(Appendix I and Ill), | used the dataset collected during intensive field measurements over all
seasons except winter for most of the study sites (Figure 4a). These kinds of measurements
are especially valuable because they link water column energetics to air-side flux
measurements and, to the best of my knowledge at the moment of writing this thesis, are
unique (Figure 3). In the following sections, | summarize and discuss the implications of our
most important findings.

4.1 Energy partition in small water bodies

Based on simultaneous measurements in the atmospheric boundary layer and in the
water column in two small water bodies, we compiled mean energy budgets in various types
of water motions (Figure 4c, Appendix I). Here, | outline the assessments and highlight some
of the important findings discovered during the analysis which supported or rejected the
formulated hypotheses.

Despite the fact that one study site was a lake and the other a reservoir with surface
area larger by one order of magnitude, both water bodies experienced similar hydrodynamic
processes and energy flux paths (contrary to H1.2). In both water bodies, we found the
presence of the basin-scale and high-frequency internal waves. According to our estimates,
average wind energy fluxes for both the lake and the reservoir were of the same order of
magnitude (102 W m2), and thus was within the range reported by multiple studies for lakes of
similar size (Wuest et al., 2000) and for larger lakes (Ravens et al., 2000; Imboden, 2003;
Woolway & Simpson, 2017; Fernandez Castro et al., 2021) (for comparison, see Figure 1).
Most of this wind energy flux (~95%) is dissipated in the atmospheric boundary layer and is
not transported into the lake. The remaining energy is distributed into different types of water
motions. Unlike the results reported by Woolway & Simpson (2017) and Simpson et al. (2021)
for Lake Windermere (United Kingdom, lake surface area, As = 14.7 km?), there was no
evidence of intensification of the energy transfer from wind to water during the stratified season
compared to the period of lake mixing (in contrast to the dependence suggested in H1.1).
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The efficiency of the wind energy was found to be within the values reported for non-stratified

conditions (Woolway & Simpson, 2017).
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Figure 4. Plots summarizing (a) the study sites where field measurement campaigns took
place (Lake Dagow, Bautzen Reservoir in Germany, and the River Kitinen in Finland); (b)
study sites with existing EC measurements; (c) key findings in this thesis related to energy
fluxes and energy content in different water motions in lakes and reservoirs (taken from
Appendix I) as well as related to the air-water exchange at the air-water interface (taken from
Appendix II, Il (d), (e), (). Parts I, Il, lll indicate the structure of the thesis as well as the

corresponding Appendices.
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The largest portion of the wind energy flux (up to 4% on average) was transferred to
surface waves (in support of H1.3). This estimate was within the range (1.5%-3.5%) reported
by Simon (1997) based on the measurements in Lake Neuchatel, a large lake in Switzerland
(As = 218 km?). In our case, this fraction strongly increased with wind speed exceeding 3 m s
" and depended on the sampling location (supports H1.3). The energy content was on average
less than that reported by Imboden (2003) for a large lake (~102-10"J m?versus 10 J m~ for
weak winds). However, our estimates reached 10° J m2, which was consistent with the range
reported in study by Imboden (2003). One of the interesting results was that, based on our
wave measurements, we found similar features specified by Simon (1997) for a large lake:
significant wave height strongly increased for wind speed higher than 3-4 m s and it could not
be predicted with the JONSWAP model based on the wind speed and fetch length
(Hasselmann et al., 1973), which is widely used for its estimation. This model significantly
overestimated the wave heights at low wind speeds. Therefore, the synthesis of the wave
observations is required to investigate the relationship between the wave characteristics and
wind speed and to improve the predictions of the wave height and energy flux in lakes and
reservoirs.

The estimated average depth-integrated energy dissipation rate was of the same order of
magnitude in both water bodies (10-° W m2) and represented the largest fraction of the wind
energy flux transferred into the lake (0.2% - 0.5%). In general, our estimate was one order of
magnitude less than reported in (Wuest et al., 2000), and the averaged dissipation over the
water column for both water bodies (5-10° W kg') was at the lower limit of ranges specified
for weak winds by Imboden (2003). We found two possible explanations. The first one is the
fact that the flow velocities were generally very low and the bottom boundary layer was not
captured within the ADCP profiling range (due to instrument installation). Therefore, the
dissipation rates estimated using the velocity closest to the bottom could be underestimated
(e.g., on average by one or two orders of magnitude in comparison to the dissipation rates in
the surface layer). The second possible explanation for the dissipation rate bias is the evidence
of biogenic activity in Lake Dagow, which has received a lot of attention from the scientific
community over the past decade (Simoncelli et al., 2017; Kunze, 2019). In contrast to the
studies where higher dissipation rates were found at the depth of the high acoustic backscatter
(Ishikawa et al., 2021; Simpson et al., 2021), we observed enhanced dissipation rates in the
presence of low acoustic backscatter. The difference in dissipation rates between day and
night was up to two orders of magnitude. While the first type of behavior can be associated
with the vertical migration of the zooplankton (Lorke et al., 2004), the second type may be
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related to small fish activity (Lorke et al., 2008). The most recent study by Fernandez Castro
et al. (2022) revealed that the turbulence associated with the aggregation of fish might be
especially important in strongly stratified ecosystems. Both types of biogenic activity disturb
the ADCP measurements and leads to enhanced dissipation rates. The increasing number of
reported biogenic turbulence in inland waters and marine environment calls for future
synthesis of such measurements and development of new ways of dissipation rate estimation.

The energy flux to the basin-scale internal waves can constitute to 0.1% of the wind energy
flux but was on average one or two orders of magnitude smaller than that reported for the
alpine lake (0.04% versus 0.42%, 1% in (WUest et al., 2000; Imboden, 2003), respectively).
The largest energy content was observed in the basin-scale internal waves in the reservaoir,
exceeding on average by one order of magnitude the energy content, stored in the surface
waves and in the high-frequency internal waves (2.4 J m= versus 0.3 J m?, 0.1 J m?). In the
small lake, the energy content was of comparable magnitude for all types of waves. These
estimates were lower than the values reported in (Wiest et al., 2000) (22+3 J m?) and slightly
higher than those reported in (Imboden, 2003) (102 - 10° J m2). We assume that this
difference can be related to the strength of the stratification and the lake depth. The alpine
lakes studied in (Wuest & Lorke, 2003) and (Imboden, 2003) showed persistent large-
amplitude internal seiching, while at our study sites it occurred only sporadically and with
smaller amplitudes. We also found that the energy content in both basin-scale and high-
frequency internal waves strongly varied with the season (in support of H1.1); for example,
during the stratified period, high-frequency waves can contain on average twice as much
energy than during the rest of the year. This fact is associated with the deepening of the
thermocline and the way the energy content is estimated, with the thermocline depth being
the upper limit for vertical integration.

Generally, the energy content in water motions was small compared to the potential
energy of stratification (Schmidt stability), which on average differed by one order of magnitude
between the reservoir and the lake (41.8 J m? and 4.3 J m?). Both estimated net heat flux and
surface buoyancy flux fell into the range provided by (Imboden & Wuest, 1995) and (Imboden,
2003), respectively. The average wind energy flux in the atmosphere exceeded the average
buoyancy flux by two orders of magnitude in both water bodies.

It should be noted that, despite a thorough research, there are several limitations and
issues that could be improved in future analysis. Our single-point measurements were unable
to spatially resolve the internal waves. Additional measurements along the direction of the
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internal waves may be beneficial for precise estimation of the potential and kinetic energy in
basin-scale internal waves. The measurements can be combined with numerical models in
future studies. We did not account for the potential effects of water level variation in the
reservoir; it is however difficult to separate it from the seasonal change in the lake thermal
structure without additional modeling. Finally, spatial meteorological measurements would be
necessary to confirm the assumption of horizontal homogeneity of the wind field over the lake,
which was used in estimation of the wind and wave energy fluxes.
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4.2 Bulk transfer coefficients over lakes and reservoirs

Given the aforementioned objectives, the focus of the thesis now shifts to the processes
near the air-water interface (Figure 4d, f, Appendix Il). In particular, | focus on the atmospheric
side - the turbulent surface fluxes in the atmospheric boundary layer. Based on the compiled
dataset consisting of the published EC data for 23 lakes and 8 reservoirs of different sizes and
locations, we estimated the bulk transfer coefficients and investigated their dependence on
wind speed and different lake characteristics (H2.1 — H2.3). All bulk transfer coefficients
tended to increase towards low wind speeds (supports H2.1) and remained relatively constant
at wind speeds exceeding 3 m s (Figure 4f). The values averaged over all data at lowest
winds of 0-0.5 m s were higher by up to one order of magnitude for the drag coefficient,
factor of three and factor of two for the Stanton and Dalton numbers, respectively, in
comparison with the values reported in the literature (1.3-10%; 1.1-10%). This increase
confirmed the results of previous studies for individual lakes (e.g., Simon, 1997; Xiao et al,,
2013; Wei et al., 2016). While Wei et al. (2016) suggested that the contribution of the gusts
was not significant for their dataset, we found that the different formulation of the drag
coefficient involving the gustiness factor (Grachev et al., 1998; Fairall et al., 2003) could
reduce its values by up to a factor of two at wind speeds of 0.5 m s (Figure 4f). This finding
suggests that non-local effects such as the large convective eddies intruding the atmospheric
surface layer from the atmosphere above can partially explain the enhanced momentum
transfer into the lakes (partially supports H2.1). Similar trend was observed for the Dalton
number but not for the Stanton number. While the Dalton number with the gustiness correction
remained relatively constant with a value of 1-10 throughout all ranges of wind speed, the
drag coefficient and the Stanton number still showed the increase. This increase was found to
be explained reasonably well by the capillary wave parametrization of the surface roughness
(Wu, 1994) (partially supports H2.1). The Dalton number was well described by the smooth
flow parametrization.

The parameterization of gustiness involves some additional data (e.g., the virtual
sensible heat flux) which is not always available from EC-measurements. In a simplified
approach, one can use an empirical function that was originally proposed for the land surface
(Liu et al., 2020). The bulk transfer coefficients calculated in a standard way were described
well by this function with the fitted coefficients (see details in Appendix I).

Unexpectedly, our results revealed the significant increase of the drag coefficient with
increasing lake surface area as well as with increasing measurement height for winds less
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than 2 m s (contrary to H2.2). This result is counterintuitive since the dependence on the
lake surface area may only be expected when surface waves develop (at wind speed of 3 m
s') and not at weak winds. It may be also related to development of the thermal internal
boundary layer above lakes but a further investigation is required to explain the exact
mechanism.

The lower bound for the transfer coefficients among water bodies at wind speed
exceeding 3 m s was within the range reported in previous studies — either for large lakes or
reservoirs (As > 200 km?, (Kuznetsova et al., 2016; Wei et al., 2016)) or for marine
environments: classical open ocean measurements (Large & Pond, 1981; Fairall et al., 2003)
and coastal ocean sites under fetch-limited conditions (Lin et al., 2002). Indeed, in our dataset
we also considered large lakes (e.g., Lake Erie, Lake Taihu), which were expected to have the
smallest transfer coefficients, as they had the largest wind fetch. The averaged drag coefficient
at high wind speeds corresponded to an upper limit for the water surface roughness reported
by Foken (2008) but was two times higher than the values reported for oceans (Fairall et al.,
2003). The estimated drag coefficients were also higher than that predicted using the
Charnock relationship. This difference was expected because for the fetch-limited conditions
the assumption of fully developed waves may not be valid (overview in (Ataktlrk & Katsaros,
1999)). We were able to attribute this difference to the lake surface area which supported our
proposed hypothesis H2.2. We found that all bulk transfer coefficients were highest in small
water bodies and decreased with increasing lake surface area at high wind speeds (in support
of H2.2). We showed a significant correlation between the drag coefficient, the Stanton number
and lake surface area. We did not observe a bilinear dependence for the drag coefficient as
described in (Woolway et al., 2017) and our estimates were on average twice as high. This
difference can be associated with the way they estimated the transfer coefficients using the
parametrization of the surface roughness (smooth flow, Charnock relationship). In contrast to
the results reported in (Panin et al., 2006), we did not find evidence of the dependence of the
bulk transfer coefficients on the lake water depth at any wind speeds (contrary to H2.2).

The bulk transfer coefficients are often considered constant or as tuning parameters in
hydrodynamic lake models may lead to significant errors in flux estimation. In addition,
inadequate values of the drag coefficient result in biased estimates of current velocity in lake
models. Therefore, to provide the most accurate flux parameterizations at lake surfaces it is
beneficial to use the gustiness approach together with capillary wave parameterization of the
surface roughness. Our results may also be important for the Bowen-ratio method, which is
frequently used in the micrometeorology community in order to estimate the evaporation.
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We found that for all lakes the Stanton number was on average 1.3 times higher than
the Dalton number (even with the correction for gustiness), which violates the common
assumption of their equality (contrary to suggested in H2.3). The physical mechanism
underlying this difference requires further investigation.
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4.3 Key drivers of the near-surface turbulence in a regulated river

While | investigated energy fluxes in lakes and reservoirs in previous sections, in what
follows | focus on a different environment — a regulated river, which can be seen as a transitional
case between lentic and lotic ecosystems in terms of flow dynamics. In the following, | describe
the main findings related to the assessment of the key drivers of near-surface turbulence in the
water surface boundary layer.

Based on our measurements in the River Kitinen, a large regulated river in Finland, we
were the first to identify the dominant forcing mechanisms of near-surface turbulence and their
dynamics from minutes to seasonal time scales (Figure 4d, e, Appendix /). Bed friction of the
gravity flow and wind shear contributed equally to near-surface turbulence and were the
dominant forcing mechanisms throughout 40% and 44% of the total observational period,
respectively (supports H3.1). While wind shear was the dominant driver when wind speeds
exceeded 3 m s, bottom-generated shear was dominant when flow velocities exceeded 0.09-
0.1 m s. The latter were strongly affected by flow regulation resulting in diel variability. The
reduction of flow velocities due to hydropower production demand was frequently associated
with a transition from bottom-generated to atmospheric-generated turbulence and a change
of the water body from lotic to a more lentic-type of the system. The indication of this transition
can also be observed in our overall estimates of the dissipation rates ranging from 10-'° to 10
> W kg'. While for smaller streams and tidal estuaries the dissipation rate estimates near the
surface can be at the higher limit of this range (10°-10* W kg) (Zappa et al., 2007; Chickadel
et al., 2011) or several orders of magnitude higher (Kokic et al., 2018), in lakes they typically
vary between 10° and 10° W kg (Wuest & Lorke, 2003; Tedford et al., 2014). Surface
buoyancy flux driven by convective cooling dominated energy dissipation rates only during
15% of the measurement period (was not proposed in H3.1). The contribution of surface waves
was found to be insignificant, probably due to the small amplitude of the observed waves. The
observed weak thermal stratification caused a slight suppression of turbulence and the
estimation of the dissipation rates in that case is challenging and requires separate
investigation.

Quantification of dominant forcing mechanisms was possible after comparing the
dissipation rates estimated from the velocity measurements with the ones obtained using
different models. We found that two models - the similarity scaling by Tedford et al. (2014) for
cases when atmospheric forcing dominated and the law-of-the-wall scaling for the bottom-
generated turbulence - reproduced the dissipation rates in a close agreement with
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the observations (supports H3.1). While the former is commonly applied for lakes and oceans
and is expected to be applicable for the low-flow regime, the latter was not expected to work
for the high-flow regime in rivers as it assumes constant shear stress throughout the water
column. Classical empirical and theoretical approaches with the assumption of linearly
decreasing shear stress are commonly applied in the open-channel flow scientific community
(Nezu, 1977; Nikora & Smart, 1996). Possible explanations were a subject of long discussions
with scientists during the peer-review process, but they remained unknown. Given the relative
insignificance of convectively driven turbulence during the measurement period, we proposed
a concept that could assess the relative importance of wind and bottom-generated turbulence
for rivers of arbitrary depth. We combined the two scaling approaches mentioned above and
derived the expression for a mean “critical” wind speed as a function of the mean flow velocity
and water depth (in support of H3.1). For wind speeds exceeding this value, near-surface
turbulence is expected to be controlled by wind, in contrast to the predominance of bed friction
for wind speed below this value.

As near-surface turbulence constitutes the primary controlling factor of the gas transfer
velocity at the air-water interface, our results may have implications for the accurate
assessment of the global carbon dioxide emissions from regulated rivers. For example, if we
compare the gas transfer velocity estimated from our observed mean dissipation rate using
the surface renewal model, we obtain values four times lower than the one reported for a river
of the same Strahler order in a global analysis (Raymond et al., 2013). Moreover, the large
variability of the dissipation rates spanned over four orders of magnitude theoretically
corresponds to temporal variation in the gas transfer velocity of one order of magnitude
(supports H3.2). To date, sub-daily variability of the gas transfer velocity has not been resolved
in larger-scale models of riverine carbine dioxide emissions, and our findings indicate that the
estimated fluxes could be biased. Future field observations and modeling efforts are required
to analyze to what extent the diel variability affects the emission rates. Overall, our findings
confirm the conceptual scheme of Alin et al. (2011) describing a transition of the physical
control of the gas transfer velocities from the dominance of the wind control in estuaries and
large rivers toward increasing importance of the flow velocity and depth at smaller streams (as
suggested H3.1). The River Kitinen appeared to be located in the transition zone, where wind
and water currents are of equal importance.
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5 Conclusion

In the following, | summarize the main conclusions of this thesis related to the energy
flux paths in small lakes and reservoirs as well as to the process of air-water exchange:

i. For the first time, we compiled the energy budget for a lake and a reservoir using direct
measurements of atmospheric fluxes. Although the two studied water bodies were expected
to be governed by different hydrodynamic processes due to water level change in a reservoir,
we did not find any significant differences in energy fluxes. Overall, the estimated energy
fluxes and energy content in various types of water motion agree well with the results
reported for larger water bodies, suggesting that the energetics governing the water motions
in enclosed basins is similar, independent of basin size.

We emphasize the importance of surface waves that receive the largest fraction of the wind
energy flux into the water and have mostly been neglected in previous studies. Wave energy
increases strongly non-linearly for wind speeds exceeding 3 m s'. We showed that existing
parameterizations of wave height as a function of wind speed and fetch length failed to
reproduce the observed wave amplitudes in small water bodies. Future wave measurements
and investigation of such a dependence are required. While the energy content in the basin-
scale internal waves was found to be within the range reported for larger lakes, it seems to
vary strongly among lakes with different size and depth. Internal waves appear to be more
important in mean energy budgets in larger and deeper lakes.

The dissipation rates of the turbulent kinetic energy have a similar structure and are of
comparable magnitude in water bodies of different size. Depth-integrated dissipation rates
increase strongly for wind speeds exceeding 3 m s™'. In the lake, we observed a pronounced
diurnal pattern in dissipation rates, indicating biogenic activity such as vertically migrating
organisms. In future studies, the reliability of commonly applied measurement and analysis
methods for estimation of dissipation rates in the presence of biogenic turbulence should be
validated.

ii. For the first time, we analyzed the bulk transfer coefficients of momentum, sensible and latent
heat from the directly measured atmospheric fluxes above many lakes and reservoirs of
different sizes. All transfer coefficients have a pronounced increase at low winds (< 3 m s™)
and have relatively constant values at high winds (> 3 m s™).
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Alternative calculation of the transfer coefficients involving gustiness approach could
reduce the drag coefficient and the Dalton number at low wind speeds. The remaining
increase of the drag coefficient and the Stanton number at low wind speeds could be
associated with the physical mechanism, including the capillary wave approach. It is
recommended to use the gustiness approach in calculation of the transfer coefficients. In
a simplified approach, the bulk transfer coefficients can be calculated without
consideration of gustiness by using empirical function that has been proposed for the land
surface and that we fitted to data measured over lake and reservoir surfaces.

At high wind speeds the drag coefficient and the Stanton number decreased with
increasing surface area of the water body, whereas the opposite (for the drag coefficient
only) was found at low winds. Despite the fact that the estimated bulk transfer coefficients
generally agreed with previous studies, the Stanton number was on average higher by a
factor of 1.3 than the Dalton number. This inequity has consequences for the Bowen-ratio
method used for evaporation estimation and requires further investigation.

We underline the need for experimental confirmation of the validity of assumptions
underlying eddy-covariance flux measurements at low wind speed.

Based on the first continuous turbulence measurements in a large regulated river, we
described the key drivers of the near-surface turbulence and quantified their contributions.
We found nearly equal contributions from wind forcing and bed friction to near-surface
dissipation rates, with wind being the dominant driver for wind speeds exceeding 3 m s,
and bottom-generated turbulence when flow speeds exceeded 0.1 m s™'. This finding
confirms the fact that the regulated river is a transitional environment between lotic and
lentic-type ecosystems combining the hydrodynamics of both. Based on the validated
models, we proposed a scaling approach to quantify the relevance of the dominant forcing
mechanisms using the critical value of the wind speed, which depends on the mean flow
velocity and the river depth. As flow regulation appears to be important for the temporal
dynamics of the near-surface turbulence, future studies should focus on the daily and sub-
daily flow variations and how they affect the temporal dynamics of biogeochemical cycling
in such rivers.
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Abstract: Mechanical energy in lakes is present in various types of water motion, including turbulent
flows, surface and internal waves. The major source of kinetic energy is wind forcing at the water
surface. Although a small portion of the vertical wind energy flux in the atmosphere is transferred
to water, it is crucial for physical, biogeochemical and ecological processes in lentic ecosystems.
To examine energy fluxes and energy content in surface and internal waves, we analyze extensive
datasets of air- and water-side measurements collected at two small water bodies (<10 km?2). For the
first time we use directly measured atmospheric momentum fluxes. The estimated energy fluxes and
content agree well with results reported for larger lakes, suggesting that the energetics governing
water motions in enclosed basins is similar, independent of basin size. The largest fraction of wind
energy flux is transferred to surface waves and increases strongly nonlinearly for wind speeds
exceeding 3 m s~!. The energy content is largest in basin-scale and high-frequency internal waves
but shows seasonal variability and varies among aquatic systems. At one of the study sites, energy
dissipation rates varied diurnally, suggesting biogenic turbulence, which appears to be a widespread
phenomenon in lakes and reservoirs.

Keywords: energy fluxes; energy content; lakes; reservoirs; internal waves; surface waves;
biogenic turbulence

1. Introduction

The spatial distribution and temporal dynamics of mechanical energy play vital roles
in the physical, biogeochemical and ecological functioning of lentic ecosystems. At the
water surface, wind-generated turbulence regulates the vertical distribution of heat that is
exchanged with the atmosphere, affects thermal stratification [1] and controls gas exchange
with the atmosphere [2], which can be enhanced by surface waves [3]. Vertical turbulent
mixing in the surface layer controls the exposure of planktonic organisms to light, therewith
regulating primary production and community composition of phytoplankton [4-6]. Wind-
induced upwelling [7,8], as well as internal waves [9], affect phytoplankton and water
quality by transporting nutrients from the stratified hypolimnion to the surface layer. The
state of mixing of water bodies can result in the persistence of harmful cyanobacteria in the
thermocline throughout summer stratification [10]. At the bottom of lakes and reservoirs,
boundary layer turbulence controls the oxygen flux into the sediments [11] and therewith
the rate of carbon burial and methane production [12], as well as the internal loading of the
lake with nutrients [13].

The major source of mechanical energy in lentic systems is wind, which exerts a shear
force at the water surface. However, only a small fraction of the vertical wind energy
flux in the atmospheric boundary layer is transferred to water motions (~1.9% according
to [14] and ~22% including surface waves in [15]). Water motions are distributed over
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a wide range of temporal and spatial scales ranging from low to high frequencies of the
energy spectrum [15]. Recently, energy transfer from wind to water has been found to
be more efficient when the lake is thermally stratified, resulting in an enhancement of
mean kinetic energy throughout the water column during seasonal stratification [16,17].
The majority of the wind energy flux is dissipated in the atmospheric and water surface
boundary layers. A considerable part of the non-dissipated wind energy (~20%) is fed to
the surface wave field [15]. In [18], however, this percentage is lower—1.5-3.5%, although
both estimates were derived from the same set of observations conducted in a Swiss lake.
Approximately 1% of the energy input is stored in large-scale currents such as basin-scale
internal waves [15]. Shear instabilities lead to the degeneration of large-scale internal
waves into propagating high-frequency internal waves. They appear at frequencies being
some fraction of the maximum buoyancy frequency, which is related to the strength of
vertical density stratification [19-21]. It has been estimated that about 90% of the energy in
the internal waves is dissipated within the bottom boundary layer [14,15].

Current knowledge about the partitioning and distribution of energy fluxes in lakes
and reservoirs described above is mainly based on observations from the same lake [16,17],
or information compiled from asynchronously conducted measurements in different sys-
tems [15]. The generality of current figures, their transferability to water bodies of different
size and depth, and their temporal dynamics remain largely unexplored. Moreover, all ex-
isting estimates are based on bulk parameterization of wind energy fluxes, as observations
lack direct measurements of atmospheric fluxes [14-18]. The role of surface waves in the
energy budget appears to be constraint by observations, which are restricted to a single
study in a large lake [15,18].

To address these gaps in research, we analyze the most relevant components of energy
fluxes and energy content in various types of water motions in response to wind energy
fluxes in two small (<10 km?) water bodies. The study sites, a lake and a reservoir, differ
in surface area by one order of magnitude, but have comparable water depth (~10 m).
Given the difference in surface area and the fact that the reservoir experiences water
level variations, we expect the hydrodynamic processes in these two water bodies to be
different. The selected lake is considered representative of a large number of small lakes,
belonging to the most abundant size class which contributes 54% of the global lake surface
area [22,23]. To overcome shortcomings of previous studies, we used direct measurements
of momentum fluxes in the atmosphere above the water surface for the estimation of the
wind energy flux into the lakes. We investigate the wind speed and fetch dependence on
the surface wave characteristics based on measurements covering nearly a complete annual
cycle. The predominant modes of basin-scale internal waves and the presence of high-
frequency internal waves are identified and examined. The data are used to complement
and to re-examine mean energy budgets of small lentic systems, their temporal dynamics,
and their variation with water body size.

2. Materials and Methods
2.1. Study Sites and Measurements

Measurements were conducted at a small reservoir (Bautzen Reservoir, surface area:
5.33 km?, volume: 39.2 x 10® m3, maximum depth: 12.2 m) and a small lake (Lake Dagow,
surface area: 0.3 km?2, volume: 1.2 x 10° m?, maximum depth: 9.5 m)—both situated in
Germany. Bautzen Reservoir is a part of the dammed river Spree in southeastern Germany,
with a mean water residence time of 164 days [24]. It can be classified as a small storage-type
reservoir [25,26] with additional purposes of flood control and leisure activities. Besides,
the reservoir is used to regulate the water supply for wetlands and power stations located
downstream of the river. The outlet tower located near the dam regulates water discharge
through the bottom of the reservoir. Major water withdrawal in summer is associated with
a gradual decrease of water level [27]. The reservoir is often not persistently stratified
throughout the summer due to a lack of shelter against strong winds and experiences
several full mixing events [24,28]. Lake Dagow is a glacial lake in the Lake Stechlin area in
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northern Germany. It is a small eutrophic lake with a water residence time of 5 years [29].
The lake develops persistent density stratification every year leading to anoxic conditions
in its hypolimnion [29]. Lake Dagow was impacted by wastewater, duck and carp farming
in the 1960-1970s, with restoration activities in the 1980s.

At both water bodies, a similar set of instruments was installed for a period resolving
the seasonal dynamics of stratification and mixing in Bautzen Reservoir (3 April until
3 December in 2018) and the transition from stratified to mixed conditions during the
autumn overturn in Lake Dagow (11 September until 25 November in 2017). Meteorological
measurements, including radiation fluxes and eddy covariance (EC) measurements of
vertical momentum fluxes, were conducted from floating platforms (Points A and E,
Figure 1). The platform was 3 X 3 m in size in Bautzen Reservoir and about 2.5 X 5m in
size in (Lake Dagow). Both platforms were attached with steel chains (Bautzen Reservoir)
or guy wires (Lake Dagow) to four concrete anchors at the bottom. Vertical profiles of flow
velocity in the water column, including turbulent velocity fluctuations, were measured by
acoustic Doppler current profilers (ADCP), which were mounted downward-facing at the
platforms (see Table 1). In Bautzen reservoir, the profiling range of the platform-mounted
ADCP did not cover the entire water column and an additional ADCP was deployed
at the bottom at ~10 m distance from the platform. The bottom-mounted instrument
did not resolve turbulent velocity fluctuations and provided mean flow velocity profiles
only. In Lake Dagow, there were three sequential ADCP deployments with time gaps in
between. The ADCP was installed at the bottom during the second and third deployments.
Thermistor chains were deployed at the platform in Bautzen Reservoir and in the middle of
Lake Dagow to observe vertical temperature stratification in water. Wave recorders (high-
frequency pressure loggers) were placed near the shore at both locations and an additional
wave recorder was installed at the platform in Bautzen Reservoir. The measurement
campaign lasted from 3 April until 3 December in 2018 in Bautzen Reservoir and from
11 September until 25 November in 2017 in Lake Dagow.

Bautzen Reservoir Lake Dagow

=

53°9' 14"

()
e}
=
53°9' 1"+
\ 0 500
14°26' 31" 14°27' 22" 14°28' 14" 13°3' 0" 13°3' 13" 133" 26"
Longitude Longitude

(@) (b)

Figure 1. Bathymetric maps of the study sites: (a) Bautzen Reservoir; (b) Lake Dagow. The plots were created based on

the published maps in [24,29]. Black lines show isolines with equal elevation in meters above sea level (m a.s.1.). Small

panels on the right show wind roses with wind directions and windspeed. The locations of the instruments are indicated

by triangles and circles labeled with capital letters. Points A and E (triangles) mark the locations of the platforms for
micrometeorological measurements and the acoustic Doppler current profiler (ADCP). The ADCPs were deployed at the
bottom, at a distance of approximately 10 m from the platforms. Points A and F mark the locations of the thermistor chains.

A, B and G mark the location of the surface wave observations (pressure sensors).
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Table 1. Instrumentation and resolution for the water-side and atmospheric measurements conducted in Bautzen Reservoir

and Lake Dagow.

Type of
Measurements

Water Body

Instrument

Resolution

Location on the Map (Figure 1)

Flow velocity

Bautzen Reservoir

Lake Dagow

(a) ADCP RDI Workhorse 600 kHz

(range: 1.4-10 m); (b) Workhorse
1200 kHz (range: 0.8—4.7 m)

ADCP RDI Workhorse 600 kHz
(3 deployments, range:
(1) 0.5-6.8 m; (2-3) 0.8-7.1 m)

(a) 10 min with 200 pings
with 0.25 m bin size;
(b) 1 s with 0.1 m bin size

5 s with 12 pings with
0.1 m bin size

(a) Bottom deployment (facing
upward) ~10 m from southern
corner of the platform;

(b) platform deployment (facing
down, southwest corner)

3 deployments: (1) platform
(facing down, west corner),
point E; (2-3) ~6-7 m from
northern corner of the platform
(facing upward)

Bautzen Reservoir

(a) Thermocouples (type T,

10 min averages from
measurements in

Platform, point A

Water temperature Copper/Constantan) 30 s intervals
Lake Dagow RBR solo 10s Point F
B R i in wi - Platf int A; shy int B
Wave meastrements autzen Reservoir RBR duet 10 min with 512 measure attorm, point A; shore, point

Lake Dagow

ments of 16 Hz

Shore, point G

Bautzen Reservoir

20 Hz, as well as 10 min

Campbell Scientific, CSAT3 (1.8 m) Platform, point A

Wind speed and 30 min averages
Lake Dagow Gill Instruments HS-50 (1.97 m) 20 Hz Platform, point E
10 and 30 min averages
Bautzen Reservoir Kipp and Zonen, CNR1 from measurements Platform, point A
Radiation in 30 s intervals
L . measured at 1 Hz, logged .
ake Dagow Kipp and Zonen, CNR4 Platform, point E

at 1 min averages

Detailed information about instrumentation and resolution is provided in Table 1.
As described in the following sections, the collected data were analyzed to characterize
energy fluxes from wind to water and the energy content in different types of water motion.
Meteorological data were screened based on plausibility limits, logged information about
maintenance work at the measurement station, and by detection of errors and outliers.
ADCP velocity data were filtered using a threshold for signal correlation (>70 (-)) and were
despiked following [30,31]. All final parameters were estimated with a temporal resolution
of 30 min.

2.2. Energy Content
2.2.1. Internal Waves

Standing, basin-scale internal waves (internal seiches) are characterized by oscillations
of the vertical density structure that appears due to wind forcing acting on the stratified
lake. Waves are typically present in the form of one or several energetic modes depending
on the density layer structure [32]. In our study, we identified the major modes of internal
waves using the “Internal Wave Analyzer” software (IWA) [33] and selected wave “events”
when visual evidence of their presence was observed. Visual evidence appeared in vertical
displacements of isotherms and as a pronounced peak in the power spectral density
estimated for variations in isothermal depths and for the selected velocity components.
Similarly, events were identified for propagating (high frequency) internal waves, which
were mainly present in the spectra of the vertical velocity component and displacement
of isotherms during the stratified season. The high-frequency limit of the wave band in
spectra is limited by the maximum buoyancy frequency Nmax (Hz) [19,34]:
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where g (m s~2) is gravitational acceleration, py, (kg m~2) is water density, pyo (kg m~3)
is the mean water density, z (m) is the height above the bottom with positive direction
upwards. The conversion from temperature to density was done based on the freshwater
equation of state following [35].

The energy content in a linear internal wave field is equally partitioned into potential
energy and kinetic energy [36]. An appropriate approach for estimation of the energy is
calculation of the locally available potential energy (APE (J m~3)) from temporal variations
of water density observed at a single mooring location [37,38]:

z

APE = / glow(z) — pwo(z!)]dz! 2
z—¢

where { (m) is the vertical displacement of a fluid particle and z’ is the integration variable.
We estimated potential energy at 30 min resolution (or 1 min for high-frequency internal
waves) by using different time intervals for estimating the mean (background) density
stratification. As a rule of thumb, we considered 10 periods of the observed wave, either
the basin-scale or high-frequency internal wave, for calculating mean density profiles. In
addition, for basin-scale internal waves we estimated kinetic energy from the spectra of
the three velocity components within the frequency band corresponding to the range of
the wave periods provided by IWA. For high-frequency internal waves a fixed frequency
range from 1 x 1073 to 6.1 x 1072 Hz was selected.

For comparison with surface energy fluxes, we integrated the volumetric energy
content over depth. Both integrated potential and kinetic energies (as well as dissipation
rate described in Section 2.4), were normalized by depth-dependent surface area, i.e., for a
given quantity X, integration over the water column was computed as:

1
Asurf

H
/ X(2) A(z) dz 3)
0

where Agy, is the surface area of the water body, H is the water depth, A is the depth-
dependent cross-sectional area.

Following [14], we used the depth of the thermocline as the upper limit of integration
for APE (APE in ] m~2), which was estimated using the “Lake Analyzer” software [39].

2.2.2. Surface Waves

Significant wave height H;g (m) and energy content in surface waves Eyave (] m~2)
were calculated from pressure fluctuations measured by the wave recorders. The calculation
was carried out following standard procedures based on linear wave theory [40] by using
the “Ruskin” software provided by the manufacturer [41]. The calculations take into
account the attenuation of wave-induced pressure fluctuations at the sampling depth of
the sensor. Significant wave height is defined as the average height of the highest one third
of the waves during each sampling interval. Mean wave energy was calculated from the
variance of water surface elevation. Note that for Bautzen Reservoir we used only those
wave measurements that corresponded to the acceptable wind directions (195-355°) to
avoid the possible sheltering effect of the measurement platform (the sensor was deployed
at the south-western corner).
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2.2.3. Schmidt Stability

The Schmidt stability Sc (] m~2) describes the integrated potential energy in vertical
density stratification of the entire basin. It is equivalent to the work required for vertical
mixing, i.e., the energy required to move the vertical coordinate of the center of mass of all
water in the basin to the corresponding center of volume z:

Sl.lI‘

2y = V/ 2)adz, V = / ®)

where V is the volume of the basin.

H
/ 2 — 2v)pw(2) A(2)dz 4)
0

2.3. Energy Fluxes
2.3.1. Wind Energy Flux and Rate of Working

The vertical energy flux at a standard height of 10 m above the water surface P1o (W m~2)
is equivalent to the vertical shear stress multiplied by the horizontal wind velocity [42]:

Pp = Uy = pat®,Usg (6)

where 75 = pau?, (kg m~ ! s71) is the shear stress, u,, (m s™1) is the atmospheric friction
velocity and p, (kg m~3) is air density. In our analysis, we estimated 1, from measure-
ments of turbulent velocity fluctuations in the atmospheric boundary layer using the
eddy-covariance (EC) method [43]. The mean wind speed measured at a height of 1.8 m
(Bautzen Reservoir) and 1.97 m (Lake Dagow) above the water surface was corrected to
a standard height of 10 m (Ujg (m s~ 1)) by considering atmospheric stability [44,45]. We
calculated the fraction of the wind energy that is transferred to the water as the total rate of
working RW (W m~2) following [16]:

(% Ty) = Coniopallio(U, V) %
RW = TxU + Tyv (8)

where the wind (U, V) and flow velocity (1,v) components were rotated along the wind di-
rection averaged over 12 h since the shape of two water bodies does not have any preferred
elongated direction. The drag coefficient Cpnig was first determined as Cpjg = u 2/ LI

&)
(-) and then corrected to its neutral counterpart Cpnig = Cpig (1 + Cllj/l%)ic’llp(l() / L)) ,

where x = 0.4 (-) is the von Karman constant, L is the Monin-Obukhov length scale and ¢
are the stability functions described in [44]. Note that, we used the first acceptable mea-
surement of flow velocity below the surface: for Bautzen Reservoir, it corresponds to ~1 m
depth, for Lake Dagow ~0.6 m (first deployment), ~1.3 m (second and third deployment).

2.3.2. Surface Wave Energy Flux

The horizontal wave energy flux per unit length of the wave crest of surface waves
(Pwave (W m™1)) was calculated as the product of the wave energy and the wave group
velocity. The group velocity is a function of wave period, which we assign to the period
corresponding to the maximum in the wave spectrum. The estimation of the wave energy
flux proceeds in the same way as in [46]. To compare Pyave with the wind energy flux Py,
we considered the ratio Pyave/ (P19 X F) 100 (%), where F (m) is the wind fetch at the wave
measurement location. The wind fetch is interpolated from distances obtained from the
map corresponding to the standard grid of wind direction. Note that, as in Section 2.2.2,
we disregarded data with unacceptable wind directions for Bautzen Reservoir.
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2.3.3. Surface Heat Flux and Buoyancy Flux

The net surface energy flux in form of heat and radiation Hpet (W m~2)is expressed as
the sum of net shortwave radiation Qsy, longwave radiation Qry, and latent and sensible
heat fluxes Hy, Hg (W m~2). Latent and sensible heat fluxes were calculated following
the standard EC methodology using the “Eddy Pro Version 6.2.1” software (LI-COR, Inc.,
Lincoln, NE, USA).

The surface buoyancy flux [go (W m~2) was calculated as:

4
JBo = ZV%Hnet (9)
p

where a (K1) is the temperature-dependent thermal expansion coefficient of water and cp,
(J kgt K1) is the specific heat capacity of water.

2.3.4. Energy Flux to Basin-Scale Internal Waves

For the estimation of the fraction of the wind energy input attributed to basin-scale
internal waves, we manually selected isolated episodes with solitary wind event and
corresponding enhancement of the available potential energy in internal waves. This
fraction (%) was calculated as a ratio of APE averaged over one cycle of the wave right
after the wind event to the wind energy flux integrated over the time for the respective
wind event.

2.4. Dissipation Rates

Dissipation rates of turbulent kinetic energy ¢ (W kg 1) were estimated following two
methods: inertial subrange fitting (ISF) [47] and second-order structure function (SF) [48].
Both methods have been widely applied and validated for obtaining dissipation rates
from velocity data measured by ADCP [49-52]. Under the assumption of isotropic turbu-
lence, the theoretical power spectrum of turbulent velocity fluctuations S (m® s =2 rad 1) is
expressed as:

S(k) = Crax e¥/3k=%/3 (10)

where ax = 1.5 (-) is the universal Kolmogorov constant, k (rad m~!)is the spatial wavenum-
ber and C; (-) is the isotropy constant, which depends on the direction of the velocity
component 18/55 < C; < 4/3 x 18/55. We used a constant value of C; = 18/55 as we
used beam-averaged velocity spectra from the ADCP, which measures along-beam velocity
fluctuations without directional information [53]. Power spectra estimated from measure-
ments were fitted to Eq. 10 to estimate the dissipation rates. The upper wavenumber limit
for the fit was found as a breakpoint where the power spectral density became smaller
than the level of noise. The noise level was determined as the logarithmically averaged
high-frequency end of the spectra at frequencies higher than 0.2 Hz. To find the lower
frequency limit for inertial subrange fitting, we used the optimization procedure described
in [54]. We used three criteria for quality assurance for calculated dissipation rates: va-
lidity of Taylor’s frozen turbulence hypothesis, coefficient of determination of the fit (for
both—see [47]) and the length of observed inertial subrange (set to a minimum of 10/8 of
decade). The application of these quality criteria led to significant reduction in dissipation
rate estimated using ISF (~70% of the data were removed).

Due to the presence of surface waves in velocity spectra, we could not apply ISF for the
entire period of measurements. We manually selected velocity spectra where no sur-face
wave peak was observed. For periods when no inertial subrange could be observed in the
spectra, we applied the SF method, which can be corrected for the case when surface waves
are present [55]:

3
D(z,7) = Coe/**/3 4+ C3 ()" + Nim (11)
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where D(z,r) (m? s~2) is the mean squared velocity difference at two locations separated by
the distance r (m), C; = 2.1 (-) is a constant, C3 (-) is a coefficient describing wave orbital
motion and Ny, (m? 5*2) is the measurement noise. C3, Cy €2/3 and N, were determined
using least square fits of measured along-beam velocity fluctuations to Equation (11). We
used fixed numbers of ADCP bins for the fitting. First, we applied the procedure with
5 bins (for the purpose of the calculations the number of bins should be odd). We noticed
that noise could be negative in cases when the theoretical structure function was not long
enough to reach its “plateau”. Therefore, we used the procedure with seven bins and
replaced the values of dissipation rates from the previous step for cases when the noise
was negative. We disregarded fits, if either Np,, C; €2/3 the difference between the first
point of the structure function and the noise, or the difference between the second and
first point of the structure function were negative. The application of these criteria led to
~51% and ~30% reduction of the dissipation rate estimates for Bautzen Reservoir and Lake
Dagow, respectively.

The dissipation rates obtained from both ISF and SF methods agreed reasonably well
(see Figure S1, Supplementary Material). However, the scatter at low dissipation rates
increases towards the bottom and the structure function estimates were a factor of 2 to
3 lower than the ISF estimates for dissipation rates exceeding 1 x 1078 W kg~!. The final
dissipation rates combined both estimates using ISF and SF techniques considering the ISF
calculations as default value and gap-filling with estimates from SF.

The ISF method could be applied for the full depth range of the velocity measurements.
Application of the SF method results in dissipation profiles that lack several bins at the
beginning and at the end of the profiling range due to the calculation procedure but could
be applied in the presence of surface waves. Thus, we combined the advantages of both
methods. However, this procedure was applied and validated for Bautzen Reservoir data,
while for Lake Dagow only the SF method was used. That was because there were only few
periods during which the velocity spectra were not affected by surface waves during the
first deployment and application of the ISF method was not possible for most of the time.

Logarithmic velocity profiles in the bottom boundary layer (BBL) were not resolved
by our ADCP measurements at both locations due to the limited profiling range. Visual
observation of the flow velocity profiles revealed that the BBL extended up to ~2 m distance
above the bottom. Dissipation rates in the BBL were calculated using the flow velocity
Um (m s~1) at the measurement depth (ADCP bin) closest to the bottom using the law of
the wall [56]:

3

Uiw
= 12
e=—" (12)

where 11, = (Cpp urzn)% (m s~ 1) is the bottom friction velocity. Following [56], the bottom
drag coefficient Cpy, was corrected for the distance from the bottom at which the flow speed
was measured, using a standard value of 1.5 X 103 at1lm height. Resulting dissipation
rate profiles were integrated over depth as in Equation (3) and multiplied by density of the
water py to obtain areal estimates of depth-integrated dissipation rates (in W m~2).

3. Results
3.1. Overview of the Measurements

The measurements include both stratified and mixed conditions throughout 243 days
in Bautzen Reservoir and the transition from seasonal summer stratification to mixed
conditions during the autumn overturn (76 days) in Lake Dagow (Figure 2). In Bautzen
Reservoir, the temperature stratification during summer was occasionally disrupted by
winds exceeding 7 m s~!. These mixing events are consistent with observations at this
reservoir reported in previous studies [24,28,57]. The maximum temperature at the water
surface was 29.2 °C (4 August) in Bautzen Reservoir and 18 °C (11 September) in Lake
Dagow. The maximum temperature difference between surface and bottom was 15.2 °C
(10 June) and 8 °C (12 September) in Bautzen Reservoir and Lake Dagow, respectively.
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Significant wave
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In Lake Dagow, the thermocline was located close to the bottom and the thickness of the
hypolimnion was only ~0.7 m. Average Schmidt stability was 4.3 and 41.8 ] m~2 and
maximum values were 21 ] m~2 (17 September) and 178 J m~2 (01 June) in Lake Dagow
and Bautzen Reservoir, respectively. The heat and buoyancy fluxes varied between —155
and 1113 Wm~2 (=5.1 x 107% and 4.2 x 103 W m?2) in Bautzen Reservoir and between
—130and 763 Wm 2 (—2.6 x 10~* and 3.1 x 10~3 W m~2) in Lake Dagow (buoyancy flux
in parenthesis, Table S1, Figure S8, Supplementary Material).
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Figure 2. Overview of wind forcing and hydrodynamic conditions in (a) Bautzen Reservoir and (b) Lake Dagow. From the
top to the bottom: (1) wind speed corrected to a height of 10 m; (2) significant wave height; (3) temperature profile (color
denotes temperature, lines show isothermal depths); (4) flow velocity profiles (velocity magnitude). The black lines mark
the location of the water surface. All data are shown at 30 min resolution.

Wind forcing in both systems was of the same order of magnitude: the wind speed
at 10 m height was 3.0 + 1.9 and 2.7 + 1.7 m s~ ! (here and further, + denotes standard
deviation) with maximum values of 13.7 and 10.1 m s~ ! in Bautzen Reservoir and Lake
Dagow, respectively. West-northwestern (280-300°) and south-western (220-240°) wind
directions were predominant for Bautzen Reservoir and Lake Dagow, respectively. The
water level continuously declined throughout the study period from 11.2 m to 6.8 m at
the platform location in Bautzen Reservoir, while in Lake Dagow it remained constant
(~8.3 m at the ADCP location). Water discharge at the inflow and at the outlet tower varied
between 0.6 and 3.9 m® s~!, with mean values of 1.2 and 1.9 m® s !, respectively (Figure S2,
Supplementary Material). In both water bodies, flow velocities were relatively small for
most of the time (~0.01-0.02 m s~ !). The maximum flow speed was 0.1 m s~ ! in Bautzen
Reservoir and 0.07 m s~! in Lake Dagow. The mean significant wave height Hsig was
(39+9.6) x 1073 m and (1.9 + 2.7) x 1072 m at shore sampling locations (Point B in
Bautzen Reservoir, Point G in Lake Dagow, see Figure 1) and (7.4 + 9.9) x 10~2 m at the
platform in Bautzen Reservoir. The maximum value of significant wave height was 0.1 and
0.2 m for the shore sampling locations in Lake Dagow and Bautzen Reservoir, respectively,
and 0.5 m at the platform in Bautzen Reservoir.

3.2. Wind Energy Flux and Rate of Working

The ratio of the wind energy flux at 10 m height (P19) to the rate of working associated
with shear stress in the surface layer of the water column (RW) provides an estimate of the
efficiency of the energy transfer from wind to water. We analyzed the ratio separately for
mixed and for stratified conditions, but we did not find significant differences between both
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conditions (Figure 3). We used a fixed, although arbitrary, threshold for Schmidt stability
(Sc=5Jm™?) to distinguish between mixed and stratified conditions. Distributions of the
ratio of RW to Py for periods when the Schmidt stability was smaller or larger than 5] m~2
were in close agreement (Figure S3, Supplementary Material). The median values of the
ratio were 1.8 x 1073 and 1.6 x 10~2 in Bautzen Reservoir, and 1.7 x 103 and 0.7 x 1073
in Lake Dagow for non-stratified and stratified conditions, respectively. We applied linear
regressions of RW as a function of Pj considering Py less than 2 W m~2, as most of the
data belonged to this interval. Different values of the threshold in Schmidt stability to
distinguish stratified and mixed conditions did not result in significant changes in slopes.
However, we noticed that the slope of the regression was sensitive to the inclusion of few
high-magnitude values. The slope coefficient for all data, which describes the efficiency
of energy transfer is equal to (1.3 £ 0.1) x 1073 and (2.61 + 0.05) x 1073 (£ here denotes
standard error for the slope) for Bautzen Reservoir and Lake Dagow, respectively. Data
from Bautzen Reservoir were additionally filtered based on the same wind directions as for
surface waves (Section 2.2.2) to avoid potential sheltering by the measurement platform.
These values were comparable to the mean efficiency of 1.3 x 1072 estimated under mixed
conditions in a lake by [16].
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Figure 3. Potential energy in stratification and efficiency of energy transfer from wind to water in (a) Bautzen Reservoir and

(b) in Lake Dagow. From top to bottom: (1) the black line shows the time series of Schmidst stability (Sc). The horizontal

red lines mark the threshold value (5] m~2) to separate mixed and stratified conditions. (2) Relationship between rate

of working RW and wind energy input Pyg. Gray dots show all data. Red and blue lines represent bin-averages for two

selected cases: Sc > 5 and Sc < 5 ] m~2—indicating stratified and mixed conditions, respectively. A minimum of 5 data

points was considered for the bin-averaging. The black line shows a linear regression for all data with Pjg <2 W m~2. Inset

graphs in the lower panels show a detailed view of the data at small energy fluxes. The slope coefficient, i.e., the efficiency
of energy transfer from wind to water is equal to (1.3 £ 0.1) x 1073 and (2.61 =+ 0.05) x 1073 for Bautzen Reservoir and

Lake Dagow, respectively.
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3.3. Surface Waves

We examined the relationship between significant wave height and wind speed at 10 m
height (Figure 4a) and compared our wave measurements with the only—to the best of our
knowledge—other existing dataset of significant wave height in relation to wind speed in a
lake. These data were measured in a large lake in Switzerland over a two-week period [18].
Although the significant wave height reached higher values in [18] (~0.5 m) than in our
measurements (~0.3 m, at the platform location in Bautzen Reservoir), the wind-speed
dependence is remarkably consistent in both datasets. Wave heights were relatively small
(<1 x 1072 m) with weak dependence on wind speed for winds below ~3 m s~!, while
wave heights strongly increased for wind speeds exceeding 3-4 m s~!. Significant wave
heights measured at the shore locations were generally smaller in amplitude and showed a
weaker increase with increasing wind compared to open-water measurements (Figure 4a).
This could be related to the interference with waves reflected from the shore and shallow
water depth at the sampling locations.
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Figure 4. (a) Significant wave Hy;, as a function of wind speed Uyp. Lines with markers represent measurements: black color

shows data from [18]. Blue,

green and red colors represent the bin-averaged data from the present study: Bautzen Reservoir

A (platform), B (shore) and Dagow Lake G (shore). Solid lines show a commonly applied empirical parameterization of the

significant wave height bas

ed on the wind speed and fetch length JONSWAP). The parameterization was applied to the

observed wind speed and direction with a resolution of 30 min. (b) Boxplots showing the percentages of the ratio of wave

energy flux per unit length of wave crest (Pwave) to the fetch-integrated wind energy flux (approximated as P1p multiplied

by the fetch length) for three measurement locations. The central horizontal line in boxes indicates the median; the bottom

and top edges of the boxes denote the 25th and 75th percentiles; the whiskers extend to the largest data points which are not

considered outliers.

We applied an empirical approach for the prediction of significant wave height based
on the wave frequency, wind speed and fetch length, which was originally derived from
measurements in the North Sea but is also commonly used in lake models (the Joint Sea
Wave Project or JONSWAP, [58]). The parameterization overestimated the significant wave
height up to wind speeds of approximately 4 m s~! and underestimated wave heights
for higher wind speeds (see blue lines, Figure 4a). This supported the earlier finding
of [18]; however, their “breakpoint” was at around 6 m s~ and the JONSWAP predictions
agreed well with the measurements at higher wind speed. The authors of [18] note that
the possible reasons for underestimation at low wind speeds could either be insufficient
sensor accuracy to resolve the small amplitude of waves, or a failure to compute the wind
fetch correctly as the variability in wind direction at low wind speeds is very high. The
wind fetch indeed varied considerably due to the variations in wind direction; however,
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smoothing of the calculated fetch prior to applying the wave model did not significantly
reduce the predicted values at low wind speeds. The JONSWAP model overestimated the
significant wave height for both measurements at shore locations.

Energy content in surface waves varied between 1.3 x 107 and 9.1 x 10? ] m~2 with a
log-averaged value of 0.3 ] m~2 for the measurements at the platform in Bautzen Reservoir.
In Lake Dagow, it varied between 1.6 x 10~* and 1.1 x 10' ] m~2 with a log-averaged
value of 1.5 x 1073 ] m~2. Wave energy measured at the shore in Bautzen Reservoir
(1.3 x 1074-2.1 x 10! J m~2 with log-averaged value 2 X 1072 T m~2) was comparable
in magnitude to the shore measurements in Lake Dagow. Wave energy showed strong
dependence on the wind speed exceeding 3 m s~! with a power-law exponent of ~8-9
(Figure S4, Supplementary Material).

The median values of the fraction of the wind energy input attributed to the surface
waves (see Section 2.3.2) varied between 0.05% and 0.4% between sampling locations
(Figure 4b). Mean values varied between 0.5% and 4%. The fraction strongly increased for

wind speeds exceeding 3 m s~ 1.

3.4. Internal Waves

Basin-scale and high-frequency internal waves were observed in both water bodies.
The prevailing mode of basin-scale waves was the second vertical mode/first horizontal
mode (V2H1), with a period of approximately 8-9 and 12 h and maximum amplitude of
1-2 m and 0.5-1 m in Bautzen Reservoir and Dagow Lake, respectively (Figure 5). Note, that
we also observed waves with a period of approximately 21 h in both water bodies; however,
they occurred only once during a short period of time. Although a clear periodic structure
of the waves was present below the thermocline (Figure 5a), close to the surface it was
often masked by wind-driven flow and mixed layer dynamics. Unlike basin-scale internal
waves, high-frequency internal waves occurred not only during summer stratification
but also during autumn and spring mixing. The period of the major wave peak in the
power spectra of velocity and isothermal depths varied throughout the measurements from
5-6 min during the stratified season up to 15-20 min during mixing in spring and autumn.
High-frequency internal waves appeared in the frequency range 0.02-0.2 N, which was
lower than values reported for larger lakes (0.1-0.7 N) [59-62].

Energy content in basin-scale and high-frequency internal waves is comprised of
available potential energy (APE) and kinetic energy (see Section 2.2.1). We analyzed its
seasonal dynamics, using the long-term measurement from Bautzen Reservoir (Figure 6a).
During the deepening of the upper mixed layer in spring, the average APE during internal
wave events (for the definition of “event” see Section 2.2.1) had a maximum of 6.7 J m~2,
while it remained nearly constant below 1] m~2 during most of the time. Its average value
for 13 analyzed internal wave events was 1.2 + 1.0 ] m~2. Note that the periods of the
internal waves in the two last events (October and November, see Figure 6a) were not
supported by the predictions of the Internal Wave Analyzer; however, we visually observed
internal waves as a peak in the velocity spectrum. The average APE in high-frequency
internal waves evaluated for 210 events reached its maximum value of 0.45 ] m? in summer
during the strongest stratification (end of June-beginning of September). The average
value over the entire measurement period was 0.06 & 0.05 ] m 2.
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Figure 5. (a) Sample data from Bautzen Reservoir illustrating high-frequency internal waves with a period of 6 min (upper
panel) and basin-scale internal waves with the period of 9 h (lower panel). The upper and lower panels show vertical (w)
and horizontal (1) velocity components, respectively. Black lines show temperature isotherms; blue lines show the distance
above the bed for which the velocity power spectra are shown in panel (b). (b) Power spectral density estimates for flow
velocity components (m? s~!) and isotherms (m? s). Blue, light blue and red solid lines show velocity spectra; gray, black
and light red show isotherm spectra for Bautzen Reservoir and Lake Dagow, respectively. Internal waves are associated
with distinct spectral peaks and vertical dashed lines denote major internal wave periods.
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Figure 6. (a) Average available potential energy (APE) in basin-scale internal waves (upper panel) and in high-frequency
internal waves (lower panel) throughout the measurement period in Bautzen Reservoir. The red-shaded areas correspond to
the presence of the basin-scale waves with 8-9 h period, the green-shaded area shows the presence of a wave with 21 h period.
The width of the bars is not to scale but is proportional to the event duration (i.e., narrow bars indicate shorter events where
waves are present, and wider bars indicate longer events). The black line in the lower panel (a) shows a moving average of the
APE. (b) Sample data demonstrating the transfer of wind energy to basin-scale internal waves. The upper panel shows the
time series of Pjg and APE averaged over one wave cycle. After the wind event stopped, APE grows first and then decays
after three wave cycles. The lower panel shows isothermal depths with the event duration marked by red vertical lines.
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The mean kinetic energy during the selected basin-scale internal wave events was
on average a factor of four smaller than the APE. This inconsistency with linear wave
theory can be explained by the location of measurements relative to the lake center. In
standing waves, the kinetic energy is higher near the center, whereas the potential energy
is higher along the edges. However, for high-frequency internal waves, the average kinetic
energy for all selected events was 0.05 ] m~2, which was comparable to the APE (note
that the difference between them is greater during April to August, probably because
velocity measurements cover only the upper part of the water column). In Lake Dagow,
we identified only one event with basin-scale internal wave activity and the corresponding
APE of 0.05 ] m~2 was two orders of magnitude smaller than in Bautzen Reservoir because
the thermocline was close to the bottom. Following [14], we used the double value of APE
as a measure of the total energy in internal waves.

The fraction of the wind energy flux, which is transferred to basin-scale internal waves
was estimated based on nine selected episodes with solitary wind events in Bautzen Reser-
voir and three in Lake Dagow (see Section 2.3.4). One example is presented in Figure 6b,
which demonstrates how waves are energized by a wind event. The average percentage of
wave energy and integrated wind energy flux amounted up to 0.1% with an average value
of 0.04 £ 0.03%. In Lake Dagow, the energy flux to internal waves was 0.002%, which is
one order of magnitude lower than the average value in Bautzen.

3.5. Dissipation Rate in Surface and Bottom Boundary Layers

The log-averaged dissipation rates of turbulent kinetic energy were of the same order
of magnitude (~10~% W kg~!) in Bautzen Reservoir and Lake Dagow (Figure 7). They
tended to increase towards the water surface, while remaining nearly constant in the
middle of the water column. Estimates of dissipation rate in the bottom boundary layer
(Equation (12)) were on average one (Bautzen Reservoir) and two (Lake Dagow) orders of
magnitude smaller than dissipation rates in the interior and the surface layer.
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Figure 7. Vertical profiles of log-averaged energy dissipation rates (¢) for all available data (gray and
red shaded areas show the 5th to 95th range of data): (a) combined data with dissipation rates calcu-
lated using the structure function and inertial subrange fitting methods (black circles, the platform-
mounted ADCP facing downward) and using bottom boundary layer approach (see Section 2.4, red
circles, the ADCP deployed at the bottom) in Bautzen Reservoir. The vertical axis is split into
two subaxes with identical scaling: The lower axis corresponds to the distance from the bottom,
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the upper—to the distance from the surface. Thus, we avoid averaging over the entire water column
because the water level change was significant throughout the measurements. Data are based on
measurements in Bautzen Reservoir. (b) Dissipation rate calculated using the structure function
method and the BBL approach based on measurements in Lake Dagow (separately for the first and
for the following two ADCP deployment periods).

In Lake Dagow, the BBL approach may not be appropriate as there was a possible
influence of biogenic activity, which may contribute additional turbulence or interfere
with the analysis method. We observed a strong diurnal variation in the dissipation rate
(primarily during the first deployment; see Figures S5 and S8, Supplementary Material).
However, in contrast to similar observations [17,63], we observed high acoustic backscatter
during the night (see Figure S5b, Supplementary Material) and an increase in dissipation
rates and vertical velocity occurred during the day (Figure S5b, Supplementary Material).
It is important to note that high dissipation rates were present in the entire water column
and not just close to the bottom where elevated acoustic backscatter was observed. We
also observed a “trace” of high dissipation rates starting from midnight when migrating
zooplankton species begin to swim towards the bottom. We suggest that strong acoustic
backscatter during the night and high dissipation rate and vertical flow velocity patterns
during the day (see average profiles for days and nights in Figure S5, Supplementary
Material) are related to diurnal migrations of different types of organisms. The pronounced
diurnal pattern of dissipation rates and backscatter strength became less obvious in the
second and third ADCP deployments suggesting the reduction of the number of species
in autumn.

Depth-integrated dissipation rates were typically three orders of magnitude smaller
than the wind energy flux (Figures S6-S8, Supplementary Material). The dissipation
rates integrated over the BBL were on average two orders of magnitude lower than
the dissipation rates integrated over the interior and surface boundary layer (Figure S7,
Supplementary Material). The share of the wind energy input that was dissipated in turbu-
lence increased with wind speed. In Bautzen Reservoir, highest values of depth-integrated
dissipation rates were comparable in magnitude to the corresponding wind energy flux
(Figure S6a, Supplementary Material). We observed a strong relationship between the
integrated dissipation rate and wind energy flux with a power-law exponent of ~2.6 for
wind speeds exceeding ~3 m s~ ! in Bautzen Reservoir (Figure S7). We did not find this
relationship in the data from Lake Dagow, where the wind energy flux reached comparable
magnitude, but integrated dissipation rates remained below the high values observed in
Bautzen Reservoir. However, rare events with high integrated energy dissipation rates did
not contribute to mean conditions. The average ratio of total integrated dissipation rate and
wind energy flux was 0.23% and 0.5% for Bautzen Reservoir and Lake Dagow, respectively.
Similarly, the mean values of depth-integrated dissipation rates were a factor of two lower
in Bautzen (1.7 x 107> W m~2) compared to Lake Dagow (3.4 x 107> W m~2).

4. Discussion
4.1. Overall Energy Budget

Based on simultaneous measurements of energy fluxes in the atmospheric boundary
layer and along the water column in two small water bodies, we compiled energy budgets
in terms of energy fluxes and energy content in different types of water motions (Figure 8,
Table S1, Supplementary Material). Despite having different origin and differing in size by
one order of magnitude, the reservoir and the lake feature similar hydrodynamic processes
and energy flux paths. Most of the vertical energy flux at 10 m above the water surface is
dissipated in the atmospheric boundary layer (~95% of the wind energy flux) and is not
transferred to the water body. The remaining fraction is distributed into various types of
water motions.



Water 2021, 13, 3270

16 of 22

Bautzen / Dagow
Net heat flux

Wind energy flux )
= 34 Surface waves 173 /43 W m2
0.04 - 0.3/0.02 ] m
UP to 4% / (].5”1’) P][y

Total dissipation
1.7 x 105/ 2.3 x 10> W m™ Buoyancy flux
0.23% / 0.5% P10 6.1x10%/1.1x10* W m™=2

Basin-scale internal waves

2.4/0.1] m>
0.04% / 0.002%P1o

High-frequency internal waves
0.1/01Jm2

Schmidt stability
41.8/4.3]m™>

Figure 8. Scheme showing mean energy fluxes in (W m~2) and mean energy content (J m~2) for
the two studied water bodies. Numbers written before/after a slash correspond to the values
obtained from Bautzen Reservoir and Lake Dagow measurements, respectively. Solid and dashed
lines illustrate the motion and equilibrium positions of vertical layers of water with the same density.

The largest fraction of wind energy flux (0.5-4%) is transferred to surface waves.
Energy dissipation in turbulent flows accounted for 0.2-0.5% of the wind energy flux,
while one order of magnitude less energy is transferred to basin-scale internal waves
(0.002-0.04%). The energy content is largest in basin-scale internal waves in Bautzen
Reservoir, where it is about one order of magnitude higher than the energy content in
surface waves, as well as in high-frequency internal waves. Lake Dagow, the energy
content is of comparable magnitude in all type of waves. Generally, the energy content in
water motions is small compared to the potential energy in thermal stratification (Schmidt
stability), which differed on average by one order of magnitude between both water bodies.
The average wind energy flux in the atmosphere exceeded the average buoyancy flux by
two orders of magnitude in both water bodies (Figure 8).

Some important components of the energy budget are lacking, including turbulent
kinetic energy and kinetic energy in large-scale water motions such as water currents
(except for waves). As discussed in the following sections, our results revealed a number
of important findings related to specific energy flux paths, as well as to the potential
generalization of the derived energy budget to other lakes and reservoirs.

4.2. Energy Transfer Efficiency

The estimated efficiency of energy transfer from wind to water derived from wind
energy flux and rate of working in the surface layer was in close agreement for both water
bodies, despite their difference in surface area. The estimated rate of wind working can
be considered as an independent estimate of the energy transfer from wind to water. It
can be obtained by summing up the relevant components of the energy budget (Table S1).
Taking the mean shear and flow velocity at the water surface into account, the RW should
be equal to the sum of all energy fluxes, except for surface waves, which are not resolved in
the estimation of the RW. The sum of the components was dominated by depth-integrated
energy dissipation rates (0.23-0.5% of P1g), which were slightly higher but of the same
order of magnitude as RW (0.14-0.27% of P1p). Generally, this agreement supports the
magnitudes of the energy fluxes compiled in Figure 8.
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In contrast to earlier studies on Lake Windermere [16,17], there was no evidence
of intensification of the energy transfer from the wind to the water during the stratified
season compared to the period of lake mixing. The efficiency of wind energy input for both
water bodies was found to be within the values reported for non-stratified conditions [14].
However, we did find a strong, non-linear increase of the efficiency with increasing wind
speed in Bautzen reservoir. This fact was in line with our finding that estimates of a mean
transfer efficiency are sensitive to including the few largest observations. We observed a
close agreement between the mean transfer efficiencies estimated in the present study for
two water bodies differing by an order of magnitude in surface area and those reported
in [14] for Lake Windermere South Basin, which is slightly larger in size than Bautzen
Reservoir but considerably deeper. This agreement suggests that the values represent a
robust order-of-magnitude estimate for aquatic systems of small to medium size.

4.3. Surface and Internal Waves

The fraction of the wind energy flux attributed to surface waves was up to 4% on
average and within the range reported by [13,16] based on measurements in a large
(214 km?) lake in Switzerland. However, this fraction strongly increased with the wind
speed exceeding 3 m s~! and depended on the sampling location. We demonstrated
that the JONSWAP model for the estimation of the significant wave height may not be
an appropriate approach for estimating significant wave heights in smaller lakes and
reservoirs as it significantly overestimated wave height at low wind speed. At high wind
speed, we found an extremely strong increase of wave energy with a power-law coefficient
of ~8-9 with wave height exceeding the JONSWAP predictions. More wave observations in
different lakes and reservoirs and further detailed investigation of the relationship between
the wave characteristics and wind speed are needed to improve predictions of wave height
and wave energy fluxes in lakes and reservoirs.

The energy content in basin-scale internal waves was on average lower than values
reported for a larger and deeper alpine lake in [14] (0.1-2.4 ] m~2 versus 22 £ 3] m~2)
and slightly higher than the values in [15] (10~2~1 ] m~2). We assume that this difference
can be related to the strength of stratification and lake depth. The alpine lakes studied
in [14] and [15] showed persistent and large-amplitude internal seiching, which occurred
rather sporadically and with smaller amplitudes in Bautzen and Dagow. In addition,
the energy content in basin-scale internal waves varied with season and was on average
five-fold higher in spring than for the remaining sampling period in Bautzen Reservoir.
This can be explained by the deepening of the thermocline and the way of calculation of the
energy content with the thermocline depth being the upper limit for vertical integration.
Also, lake bathymetry can affect the seasonal variation of the internal waves [64]. The
energy flux to the basin-scale internal waves can be up to 0.1% of the wind energy flux
but is on average two orders of magnitude smaller than that reported for the alpine lake
(0.04% versus 1% in [13]). Energy content in high-frequency internal waves was on average
one order of magnitude smaller than in basin-scale internal waves (Bautzen Reservoir)
and comparable with basin-scale internal waves in Lake Dagow. During the stratified
season, high-frequency waves can contain on average twice as much energy than during
the remaining period.

4.4. Energy Dissipation Rates

Average energy dissipation rates were of the same order of magnitude in both water
bodies (~5 x 1077 W kg~1). More energy was dissipated with increasing wind energy flux.
Although in Bautzen Reservoir at high wind speeds almost all of the wind energy flux
was dissipated, this was not observed at Lake Dagow, which may be related to the smaller
size of the lake and the sheltering effect of the surrounding forest. On average, a similar
percentage of the wind energy flux was dissipated in both water bodies. However, the
dissipation rates estimated for the bottom boundary layer were on average one (Bautzen
Reservoir) and two (Lake Dagow) orders of magnitude smaller than those calculated for the
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remaining water column. This can potentially be explained by the fact that flow velocities
were generally very low, and the boundary layer may not be observed within the ADCP
profiling range, making an underestimation of the dissipation rates possible.

The other possible explanation for such a difference in the dissipation rates in Lake
Dagow is biogenic activity. We observed high acoustic backscatter in the upper part
of the water column during the night and at larger depth during daytime, suggesting
diurnal vertical migration of zooplankton [65]. Recent studies found higher dissipation
rates at depths of high acoustic backscatter [17,63], suggesting a contribution of migrating
organisms to energy dissipation. In contrast to these observations, we observed enhanced
dissipation rates at depths and at times of low acoustic backscatter. The difference in
dissipation rates between day and night can be up to two orders of magnitude. As pointed
out in [65], the acoustic backscatter strength is affected by both the abundance and the
acoustic properties of the scatterers and can be dominated by organisms containing gas
bubbles. Other organisms, such as small fish, may follow opposing migration patterns,
which remain hidden in the volume backscatter strengths [66]. Aggregations of small
swimming fish with densities of 5-8 m~3 have been shown to enhance dissipation rates by
one order of magnitude [67]. The role of biogenic turbulence in marine in inland waters
has been widely discussed and analyzed in the past decade (see reviews in [68,69]). The
main conclusion was that although small swimmers may generate additional flow and
energy dissipation, they are unlikely to contribute to vertical mixing. Small swimmers
generate flow disturbances at the scale of some multiple body length [70]. The dissipation
rate estimates from ADCP are limited by the relatively large size of the sampling volume
(bin size) and are theoretically based on turbulent energy transfer from large to small
scales. These limitations may challenge the measurement of energy dissipation rates with
ADCEP in the presence of small swimmers. The increasing reporting of diurnal patterns in
energy dissipation rates in relation to acoustic backscatter in recent studies calls for careful
validation of these estimates using alternative methods for estimating dissipation rates,
such as microstructure profiling and particle image velocimetry.

4.5. Study Limitations

In addition to the methodological limitations and uncertainties mentioned above, a
number of limitations of our analysis should be noted. We made single-point measurements,
and internal waves were not spatially resolved. Additional measurements along the
direction of the internal wave may allow to estimate the potential and kinetic energy
in wave motions more precisely. To assess the possible effect of lake bathymetry and
morphology on internal wave structure and seasonal variability, spatially resolved flow
measurements can be combined with numerical models in future studies.

In addition, we did not analyze the potential impact of the water level variation in
Bautzen Reservoir on the energy fluxes. Reduction of the water level in a medium-sized
reservoir shortens the stratification period [71,72]. This would affect the energy content in
the basin-scale internal waves, at least in the way we calculated it. Possible interference of
the internal waves with the lakebed may cause more turbulence in the bottom boundary
layer. However, it is difficult to distinguish between the effect of water level variation and
the seasonal change in the lake thermal structure without additional modeling.

Furthermore, we assumed that the wind speed is horizontally homogeneous over the
lake for all sampling locations. This may not be applicable and additional, spatially resolv-
ing meteorological measurements should be included in future studies. The uncertainties
in the estimation of dissipation rates could be related to the selection of the constants (in
inertial subrange fitting and structure function methods). For example, [52,73] showed that
these constants depend on the distance from the boundary and the use of the “canonical”
constants may lead to significant errors. In addition, it remains unclear how flow and
energy dissipation generated by small swimming organisms affect measurements and bulk
parameterizations of energy dissipation rates.
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5. Conclusions

For the first time, we related observations of energy content and fluxes in different
types of water motion to simultaneously measured energy fluxes in the atmospheric
boundary layer. Although the two studied water bodies were expected to be governed
by contrasting hydrodynamic processes and conditions, we did not find any significant
differences in energy fluxes. The observed and estimated energy fluxes and energy content
agree well with results reported for larger water bodies, suggesting that the energetics
governing water motions in enclosed basins is similar, independent of basin size.

Only a small fraction (<5%) of the vertical wind energy flux in the atmosphere is
transferred to water motions. By disregarding surface waves, the efficiency of energy
transfer does not differ strongly between various water bodies of different sizes. The
transfer efficiency increases with increasing wind energy flux, but we could not observe
significant differences of the energy efficiency under stratified and mixed conditions, as it
has been reported for a deeper lake.

Our measurements highlight the importance of surface waves, which receive the
largest share of the wind energy flux into the water and have mostly been neglected in
previous studies. The wave energy flux increases strongly nonlinearly with increasing
wind speed for wind speed exceeding 3 m s~!. Existing parametrizations of wave height
as a function of wind speed and fetch length fail to reproduce observed wave amplitudes
in small water bodies.

The largest energy content was observed in basin-scale internal waves, which was
found to be within the range reported for larger lakes. However, the energy fluxes and
energy content in internal waves seem to vary strongly among lakes having different size
and depth. Internal waves appear to be more important in mean energy budgets in larger
and deeper lakes.

Dissipation rates of turbulent kinetic energy show similar structure and dynamics
and are of comparable magnitude in water bodies of different size. Similar to surface
waves, depth-integrated dissipation rates increase strongly nonlinearly if the wind energy
flux exceeds a threshold value, which corresponds to a wind speed of 3 m s~!. We
observed a pronounced diurnal pattern in dissipation rates at one of our study sites,
which is most likely related to vertically migrating organisms. The reliability of commonly
applied measurement and analysis procedures for estimating energy dissipation rates in
the presence of swimming organisms needs to be confirmed in future studies.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/w13223270/s1, Figure S1: Dissipation rate estimated using structure function method (SF)
versus dissipation rate calculated using inertial subrange fitting method (ISF) at ~1.5 m depth for
measurements in Bautzen Reservoir (gray dots). Figure S2: Discharge of the inflow (red line) and
outflow (at the outlet tower) of Bautzen reservoir. The data was provided by the the Landestalsperren-
Verwaltung Sachsen (LTV). Figure S3: Probability distribution of the ratio of rate of working (RW) to
wind energy flux (P10) selected for two cases: Schmidt stability (Sc) <5 ] m~2 (area shown in gray,
corresponding to non-stratified conditions) and Sc > 5] m~2 (area shown in red, corresponding to
stratified conditions) for (a) Bautzen Reservoir. The median values are 1.8 x 1072 and 1.6 x 1073,
the average values (+standard deviation) are (2 = 4)-10~3 and (0.6 + 21.6)-10~2, for non-stratified
and stratified conditions, respectively. (b) Lake Dagow. Figure S4: Surface wave energy versus wind
speed at 10 m height at the platform location in Bautzen Reservoir (gray dots). Wave energy shows
strong dependence on wind speed exceeding 2-3 m s~L. The black line shows bin-average data,
the red line represents a power-law relationship with an exponent of nine. The latter was obtained
from a linear regression of log-transformed data. Figure S5: (a) Dissipation rates of turbulent kinetic
energy averaged over night and over daytime during the first ADCP deployment in Lake Dagow. (b)
Acoustic backscatter strength recorded by the ADCP (upper panel), vertical flow velocity (middle
panel), dissipation rate (lower panel). Figure S6: Depth-integrated dissipation rate (including surface
and bottom boundary layers and interior of the water bodies) versus the vertical wind energy flux
above the water surface in (a) Bautzen Reservoir; (b) Lake Dagow. Figure S7: Dissipation rate
integrated over the bottom boundary layer (the thickness of 2 m, light gray dots) and over the rest of
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the water column where the ADCP measurements are available (dark gray dots) using data from
(a) Bautzen Reservoir; (b) Lake Dagow. The gray solid line represents a 1:1 relationship. Figure
S8: Temporal dynamics of wind energy flux (black line, upper panel), dissipation rates integrated
over the water depth (red dots, upper panel) and buoyancy flux (lower panel) for data measured in
(a) Bautzen Reservoir; (b) Lake Dagow. Note the pronounced diurnal pattern in integrated energy
dissipation rates in Lake Dagow during the first ADCP deployment (cf. Figure S4). Table S1: Energy
content and energy fluxes.
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Key Points:

Bulk transfer coefficients exhibit a substantial increase at low wind speed
The increase is explained by wind gustiness and capillary wave roughness

At higher wind speed, drag coefficient and Stanton number decrease with lake surface
area.
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Abstract

The drag coefficient, Stanton number and Dalton number are of particular importance for
estimating the surface turbulent fluxes of momentum, heat and water vapor using bulk
parameterization. Although these bulk transfer coefficients have been extensively studied over the
past several decades in marine and large-lake environments, there are no studies analyzing their
variability for smaller lakes. Here, we evaluated these coefficients through directly measured
surface fluxes using the eddy-covariance technique over more than 30 lakes and reservoirs of
different sizes and depths. Our analysis showed that the transfer coefficients (adjusted to neutral
atmospheric stability) were generally within the range reported in previous studies for large lakes
and oceans. All transfer coefficients exhibit a substantial increase at low wind speeds (< 3 m s-1),
which was found to be associated with the presence of gusts and capillary waves (except Dalton
number). Stanton number was found to be on average a factor of 1.3 higher than Dalton number,
likely affecting the Bowen ratio method. At high wind speeds, the transfer coefficients remained
relatively constant at values of 1.6-103, 1.4.103, 1.0-1073, respectively. We found that the
variability of the transfer coefficients among the lakes could be associated with lake surface area.
In flux parameterizations at lake surfaces, it is recommended to consider variations in the drag
coefficient and Stanton number due to wind gustiness and capillary wave roughness while Dalton
number could be considered as constant at all wind speeds.

Plain Language Summary

In our study, we investigate the bulk transfer coefficients, which are of particular importance for
estimation the turbulent fluxes of momentum, heat and water vapor in the atmospheric surface
layer, above lakes and reservoirs. The incorrect representation of the surface fluxes above inland
waters can potentially lead to errors in weather and climate prediction models. For the first time
we made this synthesis using a compiled dataset consisting of existing eddy-covariance flux
measurements over 23 lakes and 8 reservoirs. Our results revealed substantial increase of the
transfer coefficients at low wind speeds, which is often not taken into account in models. The
observed increase in the drag coefficient (momentum transfer coefficient) and Stanton number
(heat transfer coefficient) could be associated with the presence of wind gusts and capillary waves.
In flux parameterizations at lake surface, it is recommended to consider them for accurate flux
representation. Although the bulk transfer coefficients were relatively constant at high wind
speeds, we found that the Stanton number systematically exceeds the Dalton number (water vapor
transfer coefficient), despite the fact they are typically considered to be equal. This difference may
affect the Bowen ratio method and result in biased estimates of lake evaporation.

1 Introduction

The major process that governs the interaction between the atmosphere and surface waters
is the turbulent exchange of momentum, heat and gases at the air-water interface. Although lakes
and reservoirs occupy only about 3% of the land surface area (Downing et al., 2006), they are
known to have an impact on local weather and climate. For example, lakes affect the stability of
the atmosphere above (Sun et al., 1997), leading to the formation of clouds and precipitation on
the shores (Changnon & Jones, 1972; Kato & Takahashi, 1981; Eerola et al., 2014; Thiery et al.,
2016). Furthermore, lakes and reservoirs are recognized as significant contributors to the global
carbon cycle by emitting significant amounts of carbon dioxide and methane (DelSontro et al.,
2018; Rosentreter et al., 2021).
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The past three decades have seen a rapid development of lake models (Stepanenko et al.,
2014) and their incorporation into numerical weather and climate prediction models (Ljungemyr
et al., 1996; Salgado & Le Mogne, 2010; Mironov et al., 2010). Experiments on the coupling of
lakes and the atmospheric model revealed their beneficial impact on the weather prediction quality
(Balsamo et al., 2012). A number of case studies have demonstrated the importance of lakes for
extreme local weather phenomena, such as lake-effect snow over Great American lakes (Fujisaki-
Manome et al., 2020), deep hazardous convection over Great African lakes (Thiery et al., 2016),
wind speeds over Lake Superior (Desai et al., 2009), or stratiform cloudiness in winter over Lake
Ladoga (Eerola et al., 2014). Thus, an accurate representation of the exchange of momentum, heat
and water vapor at the air-water interface in water bodies is essential to understand those processes.

In state-of-the-art, momentum, sensible and latent heat fluxes are usually determined based
on gradient approaches utilizing transfer coefficients (also known as bulk transfer coefficients) and
easy to measure meteorological and limnological variables, i.e., wind speed, air temperature, air
humidity and water surface temperature (Stull, 1988). The exchange at the air-water interface and
therewith the bulk coefficients are controlled by boundary-layer turbulence. The bulk exchange
coefficient of momentum, known as the drag coefficient (Cp, Cpy) (Garratt, 1977), is of particular
importance for all air-water fluxes. The coefficients of heat (Cy, Cyy) and water vapor exchange
(Cg, Cgy) are also known as Stanton and Dalton numbers, respectively. Here, “N” stands for
“neutral” transfer coefficients, corresponding to the neutral thermal stability of the atmosphere.
The transfer coefficients depend on the measurement height of the mean wind speed, air
temperature and humidity, respectively, and for this reason, they are usually reported for the
reference meteorological height of 10 m.

A considerable amount of studies has been published on the momentum flux and the drag
coefficient starting from the early 1950s when the fundamental work, presenting the theory later
on named as Monin-Obukhov similarity theory, was published (Monin & Obukhov, 1954;
Obukhov, 1971). The theory aims at describing the structure of turbulence in the atmospheric
surface layer about several tens of meters thick with the assumption of the fluxes being constant
and independent of height. Similarity laws introduce functional relations to derive the universal
shapes for the vertical profiles of different quantities for atmospheric thermal stability other than
neutral. During the past decades, considerable effort has been devoted to define the exact form of
these similarity functions (Paulson, 1970; Businger et al., 1971; Hogstrém, 1988; Zilitinkevich &
Calanca, 2010).

As the drag coefficient is one of the key parameters in atmospheric and lake models, the
errors in its parameterization lead to errors in the bulk flux estimates. Therefore, numerous early
studies focused on exploring different parameterizations of the drag coefficient over the land and
oceans in terms of wind speed, atmospheric stability, and surface roughness, which are a function
of the surface wave field (for oceans) (Garratt, 1977; Kantha & Clayson, 2000). Most of the
extensive field measurement campaigns over the oceans have been conducted during the last 30
years of the 20" century (Large & Pond, 1981; Godfrey & Beljaars, 1991; Smith et al., 1996;
Fairall et al., 1996). Several of these studies agreed that the drag coefficient linearly increases with
increasing wind speed ignoring the state of the wave field. More recent parameterizations of the
drag coefficient (e.g., the COARE algorithm by Fairall et al., (2003); Edson et al., (2013)),
however, include a wave dependence. There is still an ongoing scientific discussion concerning
the importance of waves and how their impact could be included in the models (Wu et al., 2019).
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Along with the studies in the marine environment, the research started to focus on the drag
coefficient estimated from measurements over large and medium-sized lakes (e.g., Hicks, 1972;
Donelan, 1982; Graf et al., 1984; Simon, 1997). To date, in total, about two dozen studies focusing
on lakes have been published since the beginning of the 1970s. In reviewing these studies, we
separated them by the wind speed regime they were interested in. It is usually assumed that surface
wave development starts when the wind speed exceeds 3-4 m s (Ataktirk & Katsaros, 1999;
Kantha & Clayson, 2000). This is also supported by wave measurements in several lakes (Simon,
1997; Guseva et al., 2021). Therefore, we intend to separate the two wind speed regimes using this
threshold.

At the “high” wind speed regime (wind speed exceeds 3 m s), in the most simplified way,
the surface waves are assumed to be fully developed, and the surface roughness length is described
as a function of wind stress, which is commonly known as Charnock relationship (Charnock,
1955). However, this assumption might not hold for lakes with limited wind fetch (Donelan, 1990;
Geernaert, 1990). Thus, some research has been made to study the drag coefficient as a function
of the surface wave state, for example, taking into account wave characteristics such as the wave
age (Donelan, 1982; Ataktlrk & Katsaros, 1999). Vickers & Mahrt (1997) reported that for a given
wind speed the drag coefficient tends to be larger for younger steeper waves representative of short
wind fetches than for longer fetches. Ataktirk & Katsaros (1999) could significantly reduce the
scatter in the estimated drag coefficients by considering waves in the parameterization of the
surface roughness length. However, these studies mainly examined large lakes and only a few were
performed in lakes with short fetch and young wave states (Babanin & Makin, 2008; Liké et al.,
2020). Given the fact that the surface wave measurements in lakes are often not available, their
effect still could be investigated via analyzing the relationship between the drag coefficient and
fetch length.

At the “low” wind speed regime, several studies found that the neutral drag coefficient in
lakes and oceans tended to increase by an approximate factor of two up to ten compared to the
value of 1.3-10°3 (corresponding to a typical value of open water surface roughness (Foken, 2008))
(Wuest & Lorke, 2003; Woolway et al., 2017). Although the wind speed dependence is obvious,
many numerical and empirical studies employ a constant value for the drag coefficient, which is
often considered as a model tuning parameter (Stepanenko et al., 2014). Despite the fact that there
have been many attempts to address the reasons of such increase, there is still no consensus in the
scientific community. The low wind speed regime was first described as the aerodynamically
smooth flow, when the surface waves are buried within the viscous sublayer and the surface
roughness is described as a function of the thickness of this layer (Schlichting, 1968). On the
contrary, Wu (1988) proposed that the flow is aerodynamically rough and that capillary gravity
waves play a key role at low wind speeds. Surface roughness length was described as a function
of the water surface tension. As an additional reason for the increase of the drag coefficient at low
wind speed, Godfrey & Beljaars (1991) and Grachev et al. (1998) considered the concept of
gustiness, which assumes that at “zero” wind speeds there are dry random convective motions —
gusts — in the convective boundary layer (CBL). Thus, the “traditional” formulation of the drag
coefficient has been modified using the scalar-averaged wind speed (not the vector-averaged wind
speed) to account for gusts. All the possible mechanisms mentioned above were addressed in the
recent work by Wei et al. (2016). They concluded that none of them explained the increase of the
drag coefficient at low wind speeds. However, they found it can be explained by the increase in
the turbulent Kinetic energy due to buoyant energy production. Similar to Grachev et al. (1998),
Sahlée et al. (2014) and Liu et al. (2020) related the increase of the drag coefficient with nonlocal
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effects, such as the penetration of large convective eddies into the surface layer from the
atmosphere above. Liu et al. (2020) introduced the factor describing this effect and estimated it
from two-level measurements of wind speed (however, over the land surface and only for neutral
conditions). Another formulation of the drag coefficient at low wind speeds was done by Zhu &
Furst (2013) relating the drag coefficient to the turbulent kinetic energy budget. However, their
fitting coefficients for the drag coefficient formula were found to be site-specific (Liu et al., 2020).

Other studies on the bulk transfer coefficients in lakes branched off from the main direction
— potential physical mechanisms — with a focus on the possible correlation between the bulk
transfer coefficients and some lake characteristics. Among them are lake depth at the measurement
location (Panin et al., 2006), lake surface area (Read et al., 2012; Woolway et al., 2017), wind
fetch at the measurement location (Liik6 et al., 2020) and lake biota, e.g, submerged macrophytes
(Xiao et al., 2013). All studies showed a strong dependence of the transfer coefficients on these
lake characteristics. The drag coefficient tends to decrease with increasing water depth, lake area,
fetch and in the presence of water plants at the water surface. It is important to note that although
Panin et al. (2006) and Woolway et al. (2017) revealed the correlation between the transfer
coefficients and the lake parameters, the estimation of the transfer coefficients was based either on
bulk parameterization (Woolway et al., 2017), or was compared to other studies where there were
no direct flux measurements (Panin et al., 2006).

Fewer studies have been published on the Stanton and Dalton numbers. Although the
measurements in the oceans showed their obvious increase at low wind speeds, both transfer
coefficients were considered as fairly constant with a value of 1.1-10° (review of these
measurements in Kantha & Clayson (2000)). First measurements conducted in lakes revealed this
value being higher and equal to ~1.5-10° (Harbeck, 1962; Hicks, 1972) or 1.9-10° (Strub &
Powell, 1987). Harbeck (1962) and Brutsaert & Yeh (1970) reported a dependence of the Dalton
number on the lake surface area. Heikinheimo et al. (1999) summarized that the Dalton number is
generally known to be less dependent on the wind speed. From the most recent studies (Xiao et
al., 2013; Li et al., 2016; Wei et al., 2016; Dias & Vissotto, 2017), there is evidence that both
coefficients depend on the wind speed and that the Stanton number is higher than the Dalton
number by approximately a factor of 1.3. This indicates that the earlier assumption of the equality
of both coefficients may not be valid for lakes.

The eddy-covariance (EC) technique is a micrometeorological method to directly measure
momentum, heat, water vapor and greenhouse gas fluxes (Foken, 2008). It is based on the
correlation between turbulent fluctuations of vertical wind speed and scalar air properties. Using
this technique, one can obtain the spatial and temporal average of turbulent fluxes originating from
an area called footprint and a period of meteorological stationarity (Lenschow et al., 1994; Sun et
al., 2006; Burba & Anderson, 2010; Foken et al., 2012). Nowadays, the EC technique is commonly
used over lakes (Blanken et al., 2000; Vesala et al., 2006; Nordbo et al., 2011; Lee et al., 2014;
Mammarella et al., 2015; Spank et al., 2020; Golub et al., 2021). However, several studies reported
difficulties in measuring the wind stress at weak winds, which resulted in large uncertainties
(Kantha & Clayson, 2000). Low wind speed conditions are more relevant for lakes and specifically
small lakes that are the most abundant inland water bodies (Downing et al., 2006).

In this study, we evaluate the first multiple water body estimates of bulk transfer
coefficients and their dependencies on wind speed and water body characteristics using EC data
measured above lakes. The analysis aimed at answering the following research questions: 1) what
are the typical values for the bulk transfer coefficients and their variability among lakes and
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reservoirs? 2) how do the values compare with the reported transfer coefficients for oceans and
other lakes? 3) can the mechanistic approaches mentioned above describe the transfer coefficients
at low wind speed regime? 4) is there a consistent dependence of the transfer coefficients on lake
characteristics, such as water depth, lake area and wind fetch? In the sections below, we examine
possible answers.

2 Materials and Methods

2.1. Eddy-covariance dataset

For this analysis, most of the existing EC data measured by various researchers over lakes
and reservoirs were extracted from open access databases and repositories of published papers.
The fluxes that are reported in the datasets were calculated using different software (e.g., EddyPro
(LI-COR, Inc, 2021), TK3 (Mauder & Foken, 2015), EddyUH (Mammarella et al., 2016)). In total,
we obtained data for 23 lakes and 8 reservoirs located in the arctic, subarctic, temperate and
subtropical zones (Figure 1, Table S1). The water bodies are located in different landscapes,
including mountains (e.g., Lake Lunz, Austria or Lake Klontal, Switzerland), forests (e.g., Lake
Vanajavesi, Finland), and arctic landscapes. The EC mast at each lake or reservoir was installed
either on a floating or bottom-fixed platform, on shore, or on small islands. The measurement
height ranged between 1.3 m and 16.1 m with 2 m being the most frequent height among all
datasets. Elongated shapes of the lakes or shore/island locations were the subject of wind direction
filtering to ensure that the measured surface fluxes were originating from water. Approximately
half of the water bodies in this study had a surface area (As [km?]) smaller than 10 km? with an
average wind fetch (Fave [m]) ranging from 160 m to 1550 m. The fetch grid was estimated from
the map as the distance from the measurement location to the shore with the corresponding wind
direction. Then, the time series of the fetch was interpolated from this grid using the measured
wind directions. The average fetch was calculated as the mean distance for the filtered wind
directions. The rest of the lakes and reservoirs were larger: the maximum surface area of 2.6-10*
km? and the maximum mean fetch of 2.6-10% m refer to one of the North-American Great Lakes —
Lake Erie in the USA. The maximum depth (Dmax [M]) varied between 1.3 m (Lake Villasjon,
Sweden) and 89 m (Rappbode Reservoir, Germany). Each EC dataset contained the estimated
variables averaged over 30 min intervals.

The variables included wind speed (U, [m s]), wind direction (WD [°]), friction velocity
(u, [ms™]) as a quantity characterizing the momentum flux (r = p,u? [kg m?*s?], p, —air density
[kg m3]), air temperature (Ta [°C]), turbulent fluxes of sensible heat (H [W m]), and latent heat
(LE [W m2]), the latter referred to in this paper as water vapor heat flux as well. Water temperature
was provided either as skin surface temperature (Ts [°C]) or bulk water temperature, measured at
0-0.5 m water depth (Tw [°C]). The skin temperature was observed with an infrared thermometer
or calculated from outgoing longwave radiation, both corrected for the reflectance of incoming
longwave radiation. Some lakes or reservoirs had only momentum flux data, resulting in fewer
estimates of heat and water vapor transfer coefficients. Precipitation (parameter which was
considered as a factor for filtering the data) was not available for all datasets. The duration of the
EC measurements ranged from 11 days (Lake Wohlen, Switzerland) to 2243 days (or ~ 6.1 years,
Lake Dagow, Germany) with a median duration of 155 days.
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Figure 1. (a) Geographical distribution of the eddy-covariance measurements over the lakes and
reservoirs used in this study (red circles). Map was created using the software by Pawlowicz
(2020). (b) The maximum depth versus surface area for each lake or reservoir. The circles in
blue and red color show lakes with average wind fetch less than or more than 1000 m,
respectively, with the lake name next to it. The diameter of the circle represents the relative
average fetch: the larger diameter, the larger the average fetch is.

2.2. Data filtering and averaging

The individual datasets used in the analysis were subject to filtering with the following

different criteria:

a) filtering based on stationarity and integral turbulence test quality flags;

b) restriction of the wind directions to ensure >90% of footprint was originated from
water;

c) removing periods with ice cover;

d) removing periods with precipitation (if data on precipitation was available);

e) removing periods when the difference between water surface temperature (surface
water specific humidity) and air temperature (air specific humidity) is less than 0.2°C
(1.5-10° kg kg™);

f) removing periods with floating vegetation on the water surface (only for Lake Suwa,
Japan).

Quality screening of EC data is known to be site- and instrument- specific (Burba & Anderson,
2010). The data were either available in filtered form, or they contained the quality flags provided
by the software. Non-filtered datasets included quality flags for each flux value (momentum,
sensible and latent heat fluxes) to ensure the stationarity of the time series (homogeneity of the
flow) and developed turbulent conditions (Foken et al., 2004; Foken & Wichura, 1996).
Removing wind directions was site-specific and we carefully studied each individual site.
We only accepted the data from periods when wind was blowing from the lake with sufficient
fetch. We specified the accepted wind directions for each site in Table S1. We focused on open-
water conditions and discarded ice-covered periods either using the water temperature time series
or interval camera data. For Lake Suwa we removed the approximate periods when floating
vegetation appeared on the water surface using interval camera data, however, for other sites this
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kind of data was not available. For some sites, all erroneous data due to rain interference and site
maintenance were filtered by data providers, or we removed periods with precipitation (if data
were available). Based on the standard accuracy of temperature and humidity sensors, we also
applied a minimum threshold for temperature and specific humidity difference between water
surface and air. We describe the effect of these filters on the data in Text S1. Note, that in SI and
in the sections below all transfer coefficients are shown as median values following suggestions
from former studies (DeCosmo et al. (1996); Fairall et al. (2003)).

2.3. Transfer coefficients

Turbulent fluxes of momentum (z), sensible heat (H) and latent heat (L\E) at the water
surface are expressed as:

T= pa[(u’W’)Z + (v’W’)Z]l/Z = pauf =paCDU120' (1a)
H = pac,w'T' = —pgcpyTou, = pacyCylUso(Ts — Tip), (1b)
LyE = paLyw'q" = —paLlyquut. = palyCgUso(qs — Guo), (1c)

where u’, v’, w' are the horizontal and vertical wind velocity fluctuations, respectively; w'T’ [m s’
K], w'q” [m s kg kg™] are the covariances of vertical wind velocity and air temperature (T") and
specific humidity (q) fluctuations. U, [m s] is wind speed at 10 m height, T, and T,, [K] are the
surface water temperature and the air temperature at 10 m height, respectively, g, and q;, [kg kg
1] are the specific humidity at the air-water interface (estimated from surface temperature) and at
10 m height, respectively. c, [J kg™ K™ is the specific heat of air at constant pressure, and L, [J

-wW

—-wIT .-
P and g, = u'q' are temperature and specific

kg™] is the latent heat of vaporization. T, =

Uy
humidity scales, respectively. The standard sign convention is that the momentum flux is defined
as positive downward, while sensible and latent heat fluxes as positive upward (Kaimal &
Finnigan, 1994). Equations 1a-1c are not the only way to describe the transfer coefficients. The
widely used COARE 3.0 bulk algorithm (Fairall et al., 2003) includes scalar-averaged wind speed
instead of U, (vector-averaged wind speed) in Eq. 1a-1c, which includes the gustiness (will be
discussed below in Section 2.4.4).

Using measured flux data from the obtained EC datasets, the transfer coefficients can be
derived from Eq. (1a-c) as follows:

u? 2a
3 (22)
Uto
L wT (20)
B U0 (Ts — Tyo)
WI [ (ZC)
Cg 1

B Uio(qs — CI10).

Wind speed, air temperature (T,) and specific humidity (g,) measured at a certain height z were
converted to a standard height of 10 m considering stability of the atmosphere following the
equations:
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o= 2o - ) ()
fo=1z- _[l“ 10 lpT( )+ v (1L_0>] )
10 = 4z — %[ln 10 l/JT( ) + Yr (%)] (39)

where k is the von K&rman constant, L [m] is the Obukhov length, v, (%) is the stability function

which is the integral of the empirical universal function for the momentum flux and ¥, G) —the

same for sensible and latent heat (Businger et al., 1971). In the literature, z/L is usually denoted
as the non-dimensional stability parameter ¢. To remove the effect of atmospheric stability on the
magnitude of the transfer coefficients, Cp, Cy, Cz are converted to their neutral counterparts
Cpn, Cyn, Cey (i.e. for neutrally-stratified atmospheric conditions) (Large & Pond, 1981):

Cpy = K° [ln (2—0)] - =Cp [1 + k1 Célpu (10)l ’ (4a)

0
owmalerdn(@) [prodn@] @
o = o [1 ot i, (T)l_ [c— T (IL—O)]_I' (4C)

where z,is the surface roughness length. For our calculations, we used the Kansas-type stability
functions (Businger et al., 1971) in the form of Hogstrom (1988), which is the most frequently
applied form (Foken, 2008). Cpy, Cyn, Cgn Were estimated for 31, 25, 23 water bodies under study,
respectively, depending on the flux data availability (see details about each lake or reservoir in
Table S1 and in data repository).

In the scientific community, there has been an ongoing discussion on the form of the
transfer coefficients to be presented. For example, some studies focused only on neutral values of
the drag coefficient (Li et al., 2016) or some considered the drag coefficient non-adjusted to their
neutral counterpart (Cp,). Other studies addressed the so-called “effective” drag coefficient, which
was derived as the slope coefficient for the linear relationship between u? and UZ, (Xiao et al.,
2013). We examine the difference between Cp, Cy, Cr and Cpy, Cyy, Cgy in Section 3.1.

2.4. Parametrizations of the drag coefficient at low and high wind speeds

2.4.1. Smooth flow

Previous studies focused on the parameterizations of surface roughness length z, (see Eq.
4a) to assess wind speed dependence of the drag coefficient (e.g., Ataktirk & Katsaros (1999). In
our study, we compared Cpy estimated from measured momentum fluxes with the existing
approaches. One of the approaches is based on the smooth flow regime at low wind speed (< 3 m
s'), where the thickness of the viscous sublayer (8,)) determines the aerodynamic roughness of the
interface (Schlichting, 1968), and not the physical roughness of the water surface:
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6y =29 = al, ©)

*

where @ = 0.11 [[] and v = 1.6 x 1075 [m? s] is kinematic viscosity of air. z, can be derived

from Eq. 4a as:
( K > (6)
Zg=2zexp|— .

vV CDN

2.4.2. Capillary waves

As an alternative method to parameterize Cpy at low wind speeds, we considered the
approach proposed by Wu (1994). He suggested that the wind shear stress in the absence of large
gravity waves is related to the ripples (capillary waves). For the capillary waves, the roughness
length is related to surface tension (o) as:

7 ()

where awy = 0.18 [-] is an empirical constant and p,, [kg m~] is water density. Surface tension at
a temperature of 20°C is ¢ = 7.28:102 N m™.

2.4.3. Charnock relationship

With increasing wind speed, the thickness of the viscous sublayer becomes smaller, and
the aerodynamic roughness of the water surface (z,) becomes minimal, before surface gravity
waves evolve. At wind speeds exceeding 3 m s, waves protrude from the viscous sublayer and
surface roughness length increases with increasing wind speed, indicating the transition from a
smooth to a rough flow regime. Charnock, (1955) proposed the following equation for surface
roughness length over fully developed surface waves, which account for typical oceanic
conditions:

i ®)
0 ,g,

where y ranges from 0.011 to 0.0185 [-] (Garratt, 1994), g [m s?] is the gravitational acceleration.

2.4.4. The concept of gustiness

Under strong convective conditions, the wind stress at the water surface is governed by
random convective motions - gusts - in the convective boundary layer (CBL), whereas the mean
wind speed vector can even become zero (Godfrey & Beljaars, 1991). These large convective
eddies embrace the entire CBL and affect the turbulence regime in the atmospheric surface layer.
Grachev et al. (1998) formulated an approach to estimate the drag coefficient using this concept.
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In their study, the gustiness could explain the apparent increase of the drag coefficient estimated
using the traditional equation (Eq. 2a, 4a) at low wind speeds. The estimated drag coefficient
accounting for gusts was a factor of 1.5 to 6 smaller at wind speeds below 2 m s in comparison
to the drag coefficient calculated from Eq. 2a, 4a. The gustiness concept is widely accepted and
used in the COARE algorithm to estimate air-sea fluxes (Fairall et al., 2003).

The gustiness factor, G corresponds to the ratio of the scalar-averaged (U,,, for the
definition see (Grachev et al., 1998)) to vector-averaged wind speed:

Uso ©9)

Gwina = -
Uio

Taking into account that U2, = UZ, + UZ, where U, = o2 + o7 is a gustiness velocity (o, o,
are standard deviations of the wind speed components), the gustiness factor can be estimated as:

Ufo + U5 _ Uty + (af +07) _ 14 (a5 + o) (10)

GZ —
wind — 2 2 2
U10 UlO U10

Since the scalar-averaged wind speed is not a standard output parameter in the EC-software, the
estimation of G from velocity standard deviations allowed calculation of the transfer coefficients
for more lake datasets. Alternatively, G can be parameterized in terms of the convective velocity
scale w, (Grachev et al., 1998; Fairall et al., 2003). We denote the gustiness factors derived from
measured wind speed and from CBL scaling as Ginq and Ggony, respectively:

2
W, (11)
Gczonv=1+<’8 ) ’
UlO
where f = 1.2 [-] is an empirical constant (Beljaars, 1995) and w, is expressed as:
— 1/3
wT,
W, = <gZCBL T v) ) (12)
v

where, T, [K] is the virtual temperature, z.5, [M] is the CBL height, defined as the height of the
lowest inversion. Previous studies used the fixed height of the CBL equal to 600 m (Fairall et al.,
2003) or 1000 m (Beljaars, 1995). The neutral gustiness drag coefficient Cpy and its gustiness
counterpart Cp is:

- 10\17° 13a
Cone = [God*6 + k7w (T | .

and other gustiness transfer coefficients, Cyye and Cgy e, Can be derived as:

10 (13Db)

B 10\t ) -1
e = ez o (O] [t + v (1)

-
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_ 10\771 _ 10\71? (13¢)
Ceng = [CDé/ZG + K_ll/)u (T)] C;/GZCEcl +K_17~/)T (T)] ”

2
where Cp; = (;_10) and i, is the scalar-averaged friction velocity. The majority of the available

EC datasets from lakes did not contain the scalar-averaged friction velocity. Akylas et al. (2003)
investigated the combinations with different averaging procedures and suggested that vector-
averaged friction velocity u, is more appropriate to use with scalar-averaged wind speed for all
wind speed classes. Thus, we used the vector-averaged friction velocity and therefore Cp; = Cp,
Che = Ch, Cgg = Cg.

In a first step, we applied the gustiness approach for the drag coefficient with the cases
corresponding to unstable atmospheric condition (¢ < 0). We estimated two types of the gustiness
drag coefficient, using as G,,;n,q and G.,,, and we considered the former one as a reference. These
calculations were possible only for a subset of the datasets (11 lakes) for which both scalar-
averaged wind speed (or the standard deviations of the wind speed components) and virtual
sensible heat flux (w'T;) were available. Then we fitted the coefficient 8 in Eqg. 11 in order to get
best agreement between the parametrized Cpy and the referenced one. As the second step, we
applied the parametrization of gustiness with the fitted 5 (Eq. 11) to larger subset of the data (26
lakes) for which the virtual sensible heat flux was available. Thus, we estimated all gustiness
transfer coefficients (Eq. 13a-13c).

We compared the gustiness transfer coefficients with the standard formulations (Eq. 4a-
4¢) and with the results from the COARE 3.0 bulk algorithm (Fairall et al., 2003), which includes
the parameterization of gustiness (Eq. 11-12). In addition, the COARE algorithm considers the
effect of changing water surface roughness by using parameterizations of z, that combines the
smooth flow approach (Eg. 5) and Charnock’s relationship (EQ. 8).

3 Results

3.1. Transfer coefficients over lakes

Bulk transfer coefficients for neutral atmospheric stability Cpy, Cyy and Cgy (EQ. 4a-4c)
were estimated using data from 23 lakes and 8 reservoirs (see data availability details in Table in
the data repository). The transfer coefficients varied between the water bodies and differed on
average by a factor of 2-3 for wind speeds exceeding 3 m s™*. However, we identified three water
bodies for which the estimated drag coefficients (Cp ) were exceptionally large at all wind speeds
(up to a factor of five, Lake Quinghai, China, Nam Theun 2 Reservoir, Laos), or exceptionally low
(factor of four, Bol’shoi Vilyui Lake, Russia), when compared to other water bodies with similar
surface area. These three water bodies contributed largely to the variability among systems (Figure
S5a shows the estimates for individual water bodies). We did not find possible sources of errors
and considered these data as outliers. In the overall estimates and in the range of variability shown
in Figure 2a, we included the complete dataset.

All transfer coefficients showed a similar wind speed dependence (Figure 2a-c). At high
wind speeds (> 3 m s?), Cpy, Cyn, Cey had relatively constant values of 1.8-103, 1.4.103, 10-10°
3, respectively. All transfer coefficients increased towards the lowest wind speeds. The strongest
increase was found for Cpy, which was one order of magnitude higher (1.1-10?) at the lowest wind
speed (0.5 m s, the first bin) compared to values at higher wind speeds. A similar, but less
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pronounced increase was observed for Cyy and Cgy: their values at the lowest wind speed were
3.1-10% and 2.2-1073, respectively.

Unstable atmospheric conditions (¢ < 0) prevailed over all water bodies, particular during
the evening and at night time, when > 80% of all data were obtained under unstable conditions
(Figure 2d). Stable atmospheric conditions occurred most frequent during the day (12-19 hours).
In addition, we estimated the percentage of time when the wind speed was less than 3 m s (Figure
2e). Low wind speed conditions prevailed slightly during the evening and at night, when the
atmosphere was mostly unstable. This means that the significant increase of the transfer
coefficients at low wind speeds frequently coincides with unstable atmospheric conditions, when
the water is still warm and the atmosphere starts cooling at the end of the day.

To analyze the effect of atmospheric stability on the transfer coefficients, we compared the
transfer coefficients (Cp, Cy, Cg, EQ. 2a-2¢) with their neutral counterparts (Cpy, Cyn, Cen, EQ. 4a-
4c, Figure S6). We found that atmospheric stability did not significantly affect the values of Cp,
Cy and Cg at wind speeds exceeding 3 m s*: their values were in close agreement with Cpy,
Cyn and Cgy. However, it is evident that at low wind speeds (0-2 m s) these transfer coefficients
under in-situ conditions were systematically higher (up to a factor of 2-3) than their neutral
counterparts Cpy, Cyy and Cgy.

Estimation of Cy and Cg (EQ. 2b, 2c and Eq. 4b,4c) involves water surface temperature, for
which the skin temperature is the most appropriate measure. However, these measurements were
not available for some sites. Instead, we used water temperature measured at some depth (often
varying between 0 and 0.5 m between datasets). We compared three types of calculations of Cy
using two subsets which use: (a) only skin temperature (b) only water temperature and (c) the
combined lake dataset which includes either skin or water temperature (Figure S7). Cyy estimated
with water temperature tends to be slightly lower than the estimates using skin temperature (the
mean percentage difference is approximately 15%). As a result, we presented C and Cy (Figure
2b, c) calculated using all available data, independent of how water surface temperature was
measured. When both the skin and water temperatures were available for one site, the skin
temperature was used.
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Figure 2. Neutral (a) drag coefficient (Cpy), (b) Stanton number (heat transfer coefficient, Cyy),
(c) Dalton number (water vapor transfer coefficient, Cgy) versus wind speed at 10 m height. The
shaded grey area indicates the variability among water bodies by marking the range from the 5%
to the 95" percentiles of the median values estimated for each wind speed bin (0.5 m s). The
black line with circles, marked as L&R denoting “lakes and reservoirs”, represents the median
values for all lakes and reservoirs. The small inset in (a) shows the data beyond the scale.
Vertical and horizontal black dashed lines mark a constant wind speed of 3 m s and typical
values of Cpy, Cyn = Cgy 1.3-10%, 1.1-10°3, respectively. Colored lines show the results from
previous studies: LK, brown line — Lake Kasumigaura, Japan (eddy covariance, (Wei et al.,
2016)); LN, red line — Lake Neuchatel, Switzerland (dissipation method, (Simon, 1997)); LG,
pink line — nearshore site at Lake Geneva, Switzerland (wind profile method, (Graf et al., 1984));
RG, light orange color — Reservoir Gorkiy, Russia (wind profile method, (Kuznetsova et al.,
2016)); OO0, dark green color — open ocean (eddy covariance, (Large & Pond, 1981)); OO, light
green color — open ocean (eddy covariance, (Fairall et al., 2003)); CO, dark yellow color —
coastal ocean at limited fetch conditions (eddy covariance, (Lin et al., 2002)). (d) Mean diel
pattern of the percentage of time periods with unstable atmospheric conditions (stability
parameter { < 0). (e) Mean diel pattern of the percentage of time with low wind speed (<3 m
s). The red and black lines in (d) and (e) show the mean value and the shaded area shows +
standard deviation of all data.

3.2. Parametrizations of the drag coefficient

As described in Section 2.4.4, we estimated drag coefficients accounting for gustiness
(Cpne) using gustiness factors derived from measured scalar-averaged wind speed (G,,ing), @and
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from the parametrization of convective velocities (G.yn, ). TO test the applicability of the
parametrization, we compared Cpy¢ estimated using both approaches during unstable atmospheric
conditions for a subset containing 11 lake datasets with all required data (Figure S8). The estimated
Cpne based on Gy, Was slightly higher than the one based on G,,;,4. We obtained a coefficient
S = 1.4 (compared to a value of 1.2 suggested by Beljaars (1995)) for the best agreement between
both drag coefficients (minimum of the mean absolute value of their difference). Note, that for this
subset of lake dataset the gustiness drag coefficient was on a factor of two lower than Cpy (Figure
S8).

Using the fitted parameterization, we calculated Cpyg, Cyng and Cey¢ based on Gy, fOr
a larger subset of the data — 26 and 23 lakes (Figure 3). Cpy¢ and Cgy decreased approximately
by a factor of two at wind speeds less than 1.5 m s in comparison to the standard formulation
Cpy and Cgy. Cgye Was almost constant with a value of 1.0-102 throughout all ranges of wind
speed. Cyy¢ decreases only slightly (~10%) in comparison with Cyy at low wind speeds. For wind
speeds exceeding 3 m s, all gustiness transfer coefficients almost coincided with their standard
formulation, only Cpy. Was slightly smaller: ~1.6-1073,

We examined the possible mechanisms (Eq. 5, 7, Section 2.4) that could explain the
increase of the drag coefficient at low wind speed and the Charnock relationship (Eq. 8), which
describes its wind speed dependence at high wind speed. We applied the COARE 3.0 algorithm to
the same subset of the data (26 and 23 lakes) and compared the results with our estimates of the
gustiness transfer coefficients. It was evident that the smooth flow approach (together with
Charnock relationship) could not explain the increase of Cpy. at low wind speeds. However,
replacing this model with the approach which considers capillary waves (Eq. 7 with ay,,,= 0.8) led
to reasonable agreement between the bulk parameterization and Cp . estimated from measured
fluxes. In contrast, Cgy Ccalculated using this approach overestimated values of the EC-derived
Cgne- There, the smooth flow was a more appropriate parameterization.

When analysing the standard formulation of the drag coefficient, we found that the
function describing the wind speed dependence of Cpy proposed by Liu et al. (2020) based on EC
measurements over terrestrial surfaces (Cpy = b1[1 + byexp(bsU;p)]), can also be applied to
observations over all lakes (Figure 3a). In a similar way, we applied this empirically derived
function to Cyy and Cgy estimates (Figure S7). The fitted coefficients for our data are provided in
Table 1.

The gustiness approach, together with increasing surface roughness due to capillary waves
allowed to explain the increase of the transfer coefficients at low wind speeds, suggesting that
these formulations of the transfer coefficients can provide most accurate flux parameterizations at
lake surfaces.

The mean ratio of Cyy¢ t0 Cpye 1S 1.3 and has its maximum value of 2 at low wind speeds
(Figure 4). For wind speeds ranging from 2 to 9 m s the ratio remained at relatively constant
value of 1.2.

Table 1. Coefficients for the empirical function C = b,[1 + b,exp(b3U,,)] (Liu et al., 2020)),
describing the wind speed dependence of the bulk transfer coefficients of momentum (Cpy),
heat (Cyy), and water vapor (Cgy). The coefficients were obtained from least-square fits of the
function to the bin-averaged data shown in Fig. 3a to c.

b1 b2 bs

Coy | 1.7-10° 1 -1.1

Cyy | 1.3:10° 1.5 -0.8
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Figure 3. Neutral gustiness transfer coefficients (a) Cpy¢ ,» (0) Cyne and (c) Cgye (calculated
using Geony , Se€ Section 2.4.4) versus Uy, (red line) estimated for 26, 23 and 23 lakes,
respectively. The red shaded area marks the range between the 5" and 95" percentiles. The black
line with symbols shows estimates of Cpy, Cyy and Cgy from Figure 2. The dark yellow line in
all plots shows the function Cpy = b;[1 + b,exp(b3U,,)] proposed by Liu et al., (2020) with
fitted coefficients (Table 1). The green and blue lines show transfer coefficients as they are used
in the COARE 3.0 algorithm for bulk parameterizations. The green line shows the original
COARE parameterization, which combines the effects of thesmooth flow approach (Eg. 5) and
Charnock relationship (Eq. 8). The blue line shows a modified parameterization, which
includescapillary wave roughness (Eq. 7 with ay,,,= 0.8) and Charnock relationship.
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Figure 4. Ratio of Cyy¢ t0 Cgye estimated for each individual dataset (21 water bodies, shown
by grey lines). Black line with circles shows the median values for all datasets. The horizontal
dashed black line shows a ratio of 1:1 and the horizontal dashed red line indicates the overall
mean value of the ratio (1.3).

3.3. Dependence of the bulk transfer coefficients on the lake characteristics

We examined the dependencies of the bulk transfer coefficients accounting for gustiness
on lake characteristics, including the maximum and average water depth, water depth at the
measurement site, maximum and average wind fetch, and water surface area. As the transfer
coefficients at high wind speeds were relatively constant, we first analyzed effects of lake
characteristics on the median values of the transfer coefficients for wind speeds exceeding 3 m s
estimated for each individual water body.

We found that Cpy and Cyy decreased significantly (Pearson correlation coefficient r =
-0.5, p-value < 0.05) with increasing lake surface area (Figure 5a, d). These relationships could be
expressed as power law dependencies (y = x“exp(B In10), where A and B are the slope and
intercept of the linear regression log,,y = A log;,x + B) with exponent of -0.06. Most variability
in Cpne Was found to be explained by the lake surface area (for log-transformed data the
coefficient of determination was R? = 0.3). The correlation between Cpyg, Cyng amd Cgyg and
mean or maximum fetch was low (r ~ -0.2, -0.3, Figure 5b,e,h, Figure S9a,d,g). A principal
component analysis revealed that lake surface area has a largest predictive power (Figure S10).
We did not find a significant correlation (r ~ -0.3, p-value > 0.05) between Cgycand surface area,
however, a similar trend as for Cpy¢ and Cyye could be observed.

Using the principal component analysis, we identified that there was no significant
correlation of the transfer coefficients at high wind speeds with maximum, average or local water
depth (Figure 5c¢,f,i, Figure S9, S10). We used the exponential dependence from Panin et al. (2006)
to compare with our results. However, we did not have sufficient sites with larger depth to confirm
the depth dependence reported in their study.

At low wind speeds (< 3 m s?), the transfer coefficients were strongly wind speed
dependent (Figure 2a,b,c) and their relationships with lake characteristics are examined separately
for each different wind speed interval. Here we found that Cpy significantly increased with
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increasing water surface area for wind speeds between 0.5 m s™ and 2 m s, At higher wind speeds
these correlations become negative, as in the analysis for wind speed > 3 m s presented above.
As an example, we show the transfer coefficients for a wind speed of 1 m s in Figure S11. At the
same time, we found significant correlation of CpyswWith measurement height at low wind speeds,
which was not present at high wind speeds (Figure S11d). No correlation with measurement height
was found for Cypy¢ and Cgpe-

Additionally, we looked for a possible relationship between the averaged wind speed
(estimated over entire time series for each individual water body) and surface area. We found a
significant correlation between them in a double-logarithmic domain (r = 0.5, p-value < 0.05,
Figure S12), resulting in increasing mean wind speed with increasing lake size following a power-
law dependence U;q = A2%%exp(0.5 In10).
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Figure 5. Neutral transfer coefficients accounting for gustiness (a, b, ¢) Cpne; (d, €, T) Cyne: (0,
h, 1) Cgn¢ Versus surface area of the water body, mean fetch length, and water depth at the
measurement site. Panels show the median values of the transfer coefficients for wind speeds
exceeding 3 m st for each individual water body. The red lines show the linear regressions of
log-transformed transfer coefficients. The corresponding power laws as well as the Pearson
correlation coefficient (r) and p-value are provided in the upper left corner of each panel.
Significant correlation is marked by bold labels. The single red symbol in (a) marks the data
from Nam Theun 2 Reservoir, which was not considered in the linear regression analysis and in
the Pearson correlation as an obvious outlier. Blue, green and dark yellow lines show results
from previous studies by Woolway et al.,, (2017; Panin et al. (2006; Harbeck, (1962),
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4 Discussion

4.1. Bulk transfer coefficients estimated for lakes and reservoirs

We examined the bulk transfer coefficients describing the transport of momentum, heat
and water vapor at the water surface estimated based on EC data collected at 23 lakes and 8
reservoirs of different size, depth, and location. At first, we used their standard formulations
commonly used in literature (Eq. 4a-c). All transfer coefficients tended to increase towards low
wind speeds and remained relatively constant at wind speeds exceeding 3 m s™. This increase was
reported in previous studies for lakes (see, e.g., Wei et al., 2016; Xiao et al., 2013) and for the land
surface (Grachev et al., 2011; Liu et al., 2020) and has been extensively investigated, yet remained
unexplained up to now. Authors of Grachev et al. (2011) referred to lakes as an “intermediate”
case between over-sea and over-land locations in terms of turbulent transfer. The lower bound for
Cpn Cyn, Cgy @mong the water bodies at high wind speeds were within the range reported by
previous studies, including for large lakes (> 200 km?, (Kuznetsova et al., 2016; Wei et al., 2016)),
classical open ocean measurements (Fairall et al., 2003; Large & Pond, 1981) and coastal sites
under fetch-limited conditions (Lin et al., 2002). Indeed, we also considered large lakes (Figure
1b) that were expected to have the smallest drag coefficient as they had the largest fetch (e.g., Lake
Erie, Lake Taihu, Lake Balaton). The mean Cp, for winds exceeding 3 m s was equal to 1.8-10"
3 and this value corresponded to an upper bound for the water surface roughness (0.001 m) reported
by Foken (2008), but was a factor of two higher than the values reported for oceans and large lakes
or reservoirs (Large & Pond, 1981; Fairall et al., 2003).

Values of Cpy varied considerably depending on the type of measurements used for its
estimation. For example, in Simon (1997), Cpy was calculated from the dissipation rate of
turbulent kinetic energy measured at the water side of the air-water interface in the relatively large
Lake Neuchatel (218 km?, Switzerland). Cpy Was significantly lower than our estimates (factor of
ten) and the estimates from lakes or marine measurements (factor of five). However, these
estimates also confirmed the increase of Cpy at low wind speeds. Cpy at high wind speeds
calculated from the wind profile method at the nearshore site in Lake Geneva (Graf et al., 1984)
was in close agreement with our estimates. The strong increase of Cpy, Cyy, Cgy at low wind
speeds was similar to the one observed for a large lake using surface fluxes measured by EC
method(Wei et al., 2016), but it was not supported by measurements in the marine environment.

4.2. Bulk transfer coefficients at low wind speed

Low wind speeds are typical conditions for lakes (Woolway et al., 2018), especially for
smaller ones (Figure S10), which are most abundant by number (Downing et al., 2006). The most
pronounced increase in bulk transfer coefficients at low wind speed was observed for Cpy, which
was up to one order of magnitude higher at low wind speeds compared to its value at high wind
speeds. We found less pronounced increases of Cgy and Cgy, yet their values at low wind speed
can be larger compared to the constant values at high wind speed by up to factor of three and two,
respectively. Periods with low wind speeds mostly corresponded to periods with unstable
atmospheric conditions or enhanced convective transport, which is the most prevailing condition
at all studied lakes during the ice-free period. It confirms former findings of Read et al. (2012) and
Woolway et al. (2017).

While Wei et al., (2016) suggested that the contribution of gusts (different formulation of
the Cpy) was not significant in their measurements obtained over a large lake, we found that the
strong increase can partially be attributed to missing consideration of gustiness in the definition of
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Cpy- Correction involving the gustiness factor (G.,,,,) could reduce the values of Cp,, and Cgy by
up to a factor of two at wind speeds around 0.5 m s™. Thus, the gustiness approach is recommended
to be applied in bulk parametrizations of both fluxes in lakes.

It is important to note, that the CBL scaling requires knowledge about the height of the
unstable boundary layer, for which we used a fixed value of 600 m, as in other studies, including
the COARE algorithm for bulk parametrization of air-sea fluxes (Fairall et al., 2003). Over lakes,
convective motions can be associated with lake-land breeze circulation (Crosman & Horel, 2012),
which additionally depends on lake size and on the atmospheric conditions in the surrounding
landscape. Nevertheless, we found that the gustiness parameterization based on the convective
velocity scale (G.,n,,) agreed reasonably well with observed gustiness in wind speed fluctuations
(Gwina)- Best agreement was obtained by using a slightly higher value of the empirical constant 8
(Eg. 11), for which we estimated a value of 1.4 (compared § = 1.2 used in the COARE algorithm.
The close agreement between parameterized and measured guestiness suggests that the
parameterization can improve bulk parametrizations also under more complex CBL dynamics in
lakes in comparison to the open ocean.

Comparison of our measurements with the bulk parametrizations in the commonly used
COARE 3.0 algorithm, which includes the gustiness correction (Fairall et al., 2003), showed a
remaining underestimation of the parameterized Cpy; at low wind speed. Obviously, the
remaining increase in the gustiness-corrected drag coefficient at low wind could not be described
by the smooth flow parametrization (Eg. 5), which is applied in the COARE 3.0. Instead, we
applied the capillary wave approach for parametrizing the surface roughness at low wind speed
(Eg. 7) and found reasonable agreement between observed and parameterized gustiness drag
coefficients. For Cgy. the smooth flow model performed better, as it became a nearly constant
value after applying the gustiness approach. The effect of gustiness was not significant for Cyy¢
and similar to Cpy. the capillary wave parametrization performed better than smooth flow
approach.

The wind speed dependence of the bulk transfer coefficients in their standard formulation
(especially at low winds), could be well described by an empirical function that was originally
proposed for the land surface (Liu et al., 2020). This suggests that this function can be used to
describe the transfer coefficients without consideration of gustiness.

Unexpectedly, we found that the gustiness drag coefficient significantly increase with
increasing lake surface areaat wind speeds less than 2 m s, This result is counterintuitive, because
at low winds we did not expect a dependence on lake surface area or fetch, as it should only be
important for the development of surface waves, which appears only at wind speeds exceeding 3
m st (Simon, 1997; Guseva et al., 2021). At the same time, we found a significant positive
correlation between Cpy. and the measurement height, which was also unexpected. This finding
could be the result of measurement limitationsand require a separate detailed investigation.

4.3. Bulk transfer coefficients at high wind speed

The estimated Cpy and Cpy¢ agreed closely at high wind speeds, thus, can be considered
identically. In comparison to the results from the COARE 3.0 algorithm, Cpy¢ at wind speeds
larger than 3 m s was higher than predicted by Charnock relationship (Eq. 8). This result was
expected as Charnock relationship is based on the assumption that the water surface roughness is
controlled by fully developed surface gravity waves. When comparing with the results from the
modified COARE 3.0 algorithm (capillary wave instead of smooth flow approach), we found that
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the consideration of Charnock relationship had a weak influence only, so that it could probably be
omitted without large changes in bulk parameterizations.

We found a significant correlation between Cpy¢, Cyne and lake surface area. For large
lakes, the transfer coefficients at high wind speed tended to be lower. At these higher wind speeds,
the surface gravity waves could potentially reach the fully developed state in large water bodies.
For Cgye, the correlation with lake surface area was not significant, but a similar trend could be
observed. The values of Cgy¢ in our analysis were approximately a factor of two lower than in
previous studies (Harbeck, 1962; Brutsaert & Yeh, 1970). Our results could not confirm a bilinear
decrease of Cpy¢ With increasing lake size with a weaker dependence for large lakes, as suggested
by Woolway et al. (2017) (Figure 5a). This can potentially be attributed to the parameterization of
the transfer coefficients used in Woolway et al. (2017) in lack of flux measurements. In contrast
to the results reported in (Panin et al., 2006), we did not find evidence for the existence of an
influence of water depth on the bulk transfer coefficients.

4.4. Study limitations

The estimated bulk transfer coefficients show large scatter, even after filtering the data.
The scatter is particularly high at light winds, i.e., in the first three to four wind speed intervals
(0.5-2ms™). It could be associated with limitations of the EC measurements, namely, the validity
of the underlying assumptions, including the homogeneity and stationarity of the flow, as well as
by increasing random errors. These effects may not have been removed completely by data
filtering. Moreover, our estimates of Cp . differ from former results obtained using different types
of measurements, such as water-side energy dissipation rates (Figure 3a, e.g., (Simon, 1997)).
Thus, the combination of water- and air side measurements could be beneficial for further
investigation of the bulk transfer coefficients.

The parameterization of gustiness used in the COARE 3.0 algorithm assumes the CBL
height as a constant value of 600 m, however, this model has been used mostly for open ocean
conditions, not for lakes. Considering the fact, that the thermal internal boundary layer can develop
above lakes due to temperature difference between land and water (Glazunov & Stepanenko,
2015), the exact layer structure of the atmosphere (corresponding to the cases of the high drag
coefficients - low wind speed and convection) should be studied.

In our analysis we considered 30-minute intervals for averaging, however, the results will
likely depend on it. For example, selection of longer time interval leads to larger gustiness velocity.
But since the 30-minute time interval is the standard averaging interval for the EC data processing,
we did not have an opportunity to test the effect of averaging time scale.

Hwang (2004) suggested that the standard height of 10 m at which the transfer coefficients
are reported is inappropriate for analyzing Cpy and its dependence on surface roughness under
wave conditions. They argue that the only relevant parameter that could serve as a reference height
is the wavelength that describes the decay rate of the waves with the distance from the water
surface. The adjustment of the transfer coefficients to 10 m height may not be very relevant for
lakes and reservoirs and the flux measurements at two different heights should be considered in
future measurements. These measurements would additionally provide confirmation for the
existence of a constant flux layer, which is another important assumption underlying EC
measurements.
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4.5. Broader implications

Bulk transfer coefficients are usually applied in numerical models for the atmospheric
boundary layer, as well as in hydrodynamic models of lakes and reservoirs. Currently, the global
modeling studies focusing on the lake mixing and phytoplankton blooms for climate change
predictions use constant values for Cpy (JOhnk et al., 2008; Read et al., 2014; Woolway &
Merchant, 2019; Grant et al., 2021), or consider Cpy as a tuning parameter of the models
(Stepanenko et al., 2014). Inadequate values of Cpy result in biased estimates of the current
velocities in lake models (Chen et al., 2020). The increase of the transfer coefficients at low wind
speeds observed in our analysis can therefore lead to significant errors, as these conditions are the
most prevailing conditions for lakes. We found that instead of the standard formulation of the
transfer coefficients, their gustiness counterparts Cpye , Cune and Cgyg Can improve flux
parameterizations in lake models.

In the absence of data for the gustiness approach, the empirical parameterizations of the
wind-speed dependence of the bulk transfer coefficients provided in Table 1 can potentially be
applied in modeling lake-atmosphere interactions. The observed dependence on the lake surface
area is more complicated to implement, as we observed contrary dependencies at low and high
wind speeds.

While the Stanton and Dalton numbers are commonly assumed to be equal, we found that
Cyne Was on average by a factor of 1.3 higher than Cgy (averaged over all wind speeds and all
water bodies under study). The finding of Cyy. being higher than Cgys confirmed the results
reported by, e.g., (Wei et al., 2016; Dias & Vissotto, 2017). The mean value of Cgy for high wind
speeds (1.0-10%) was found to be the same as in (Kantha & Clayson, 2000), but Cyy Was larger
(1.4-10%) as in (Harbeck, 1962; Hicks, 1972). The fact that Cyy > Czy may have significant
implications, because it results in biased estimates of lake evaporation based on the energy-budget
(Bowen ratio method). In particular, it would result in larger (smaller) sensible heat (latent heat)
fluxes than those predicted under that assumption. Both the physical mechanisms underlying their
difference and the extent of the differences in the predicted sensible and latent heat fluxes require
further investigation.

In state-of-the-art weather and earth system models, lakes are included as separate tiles in
the model cells, where the surface fluxes over the tiles are computed via Monin-Obukhov
similarity scaling. The models provide constant meteorological variables for each grid cell, which
is a so-called blending height concept (von Salzen et al., 1996). To use the bulk transfer
coefficients derived in this study to compute fluxes, specific values of wind, temperature and
humidity over lakes should be used, which can be obtained in generalization of the tile approach,
involving the parameterization of internal boundary layers over contrasting surfaces (Arola, 1999;
Molod et al., 2003; de Vrese et al., 2016). MacKay (2019) presents a specific example of such an
approach developed for lakes and wind speed only.

5 Conclusions

We were the first to analyze the bulk transfer coefficients of momentum, sensible and latent
heat from directly measured surface fluxes above various lakes and reservoirs. We observed a
pronounced increase of the transfer coefficients at low wind speeds (< 3 m s) and relatively
constant values at high wind speeds (> 3 m s). The strong increase in the transfer coefficients at
low wind speed was found to be associated with the existence of gusts. It is recommended to use
the gustiness approach in calculation of the transfer coefficients. The reduced, yet still increasing
values of the gustiness drag coefficient and Stanton number at low wind speeds can be explained
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by capillary wave roughness. The gustiness Dalton number, however, remains constant at all wind
speeds and is better described by the smooth flow roughness. The Stanton number was
systematically higher than the Dalton number by a factor of 1.3, which has implications for the
Bowen ratio method. At high wind speed, the drag coefficient and the Stanton number decreased
with increasing surface area of the water body and with increasing fetch length, whereas the
opposite was found at low wind speed. No significant correlation was found between the transfer
coefficients and lake depth. In a simplified approach, the bulk transfer coefficients can be
calculated without consideration of gustiness by using empirical function that has been proposed
for the land surface and that we fitted to data measured over lake and reservoir surfaces. The
COARE algorithm adequately describes the gustiness drag coefficient and Stanton number if
capillary wave roughness is considered instead of that for smooth flow. We underline the need for
simultaneous measurements of waterside and airside turbulent fluxes in future investigations, as
well as experimental confirmation of the validity of the assumptions underlying eddy-covariance
flux measurements at low wind speed.
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Abstract Inland waters, such as lakes, reservoirs and rivers, are important sources of climate forcing
trace gases. A key parameter that regulates the gas exchange between water and the atmosphere is the
gas transfer velocity, which itself is controlled by near-surface turbulence in the water. While in lakes and
reservoirs, near-surface turbulence is mainly driven by atmospheric forcing, in shallow rivers and streams
it is generated by bottom friction of gravity-forced flow. Large rivers represent a transition between these
two cases. Near-surface turbulence has rarely been measured in rivers and the drivers of turbulence have
not been quantified. We analyzed continuous measurements of flow velocity and quantified turbulence
as the rate of dissipation of turbulent kinetic energy over the ice-free season in a large regulated river in
Northern Finland. Measured dissipation rates agreed with predictions from bulk parameters, including
mean flow velocity, wind speed, surface heat flux, and with a one-dimensional numerical turbulence
model. Values ranged from ~107°m2s~?to 10~ mZ2s~. Atmospheric forcing or gravity was the dominant
driver of near-surface turbulence for similar fraction of the time. Large variability in near-surface
dissipation rate occurred at diel time scales, when the flow velocity was strongly affected by downstream
dam operation. By combining scaling relations for boundary-layer turbulence at the river bed and at the
air-water interface, we derived a simple model for estimating the relative contributions of wind speed and
bottom friction of river flow as a function of depth.

Plain Language Summary Inland water bodies such as lakes, reservoirs and rivers are an
important source of climate forcing trace gases to the atmosphere. Gas exchange between water and

the atmosphere is regulated by the gas transfer velocity and the concentration difference between the
water surface and the atmosphere. The gas transfer velocity depends on near-surface turbulence, but
robust formulations have not been developed for river systems. Their surface area is sufficiently large
for meteorological forcing to cause turbulence, as in lakes and reservoirs, but turbulence generated from
bed and internal friction of gravity-driven flows is also expected to contribute. Here we quantify near-
surface turbulence using data from continuous air and water side measurements conducted over the
ice-free season in a large subarctic regulated river in Finland. We find that turbulence, quantified as the
dissipation rate of turbulent kinetic energy, is well described using equations for predicting turbulence
from meteorological data for sufficiently high wind speeds whereas the contribution from bottom shear
dominated at higher flow velocities. A one-dimensional river model successfully captured these processes.
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We provide a fundamental model for estimating the relative contributions of atmospheric forcing and
bottom friction as a function of depth.

1. Introduction

Inland waters produce, receive, transport and process organic and inorganic carbon and, relative to their
surface area, are disproportionately important to regional and global carbon cycling (Aufdenkampe
et al., 2011; Cole et al., 2007; Tranvik et al., 2009). River systems are often supersaturated in carbon dioxide
(CO,) and methane (CH,), and release these radiatively-active gases to the atmosphere (Borges et al., 2015;
Richey et al., 2002; Raymond et al., 2013). These gases are derived from terrestrial carbon sources and or-
ganic carbon fixed in aquatic ecosystems, and the relative importance of these sources and their response to
anthropogenic disturbance remain uncertain in most systems (Alin et al., 2011; Butman & Raymond, 2011).

A key parameter that regulates the gas exchange across the air-water interface is the gas transfer velocity,
which is mainly controlled by turbulence on the water side of the interface. Both surface renewal and
thin-film theories result in a dependence of the gas transfer velocity on the dissipation rate of turbulent
kinetic energy near the water surface (Katul & Liu, 2017; Lamont & Scott, 1970; Zappa et al., 2007). Several
mechanisms can contribute to the generation of turbulence in the surface boundary layer (SBL). In lentic
aquatic systems, such as lakes and reservoirs, near-surface turbulence is mainly driven by atmospheric forc-
ing, including wind shear, convective cooling and surface wave breaking (Brumer et al., 2017; MacIntyre
et al., 2010, 2020). Turbulence generation by wind shear can be described by boundary layer theory and
energy dissipation rates scale with wind speed, while decreasing with increasing distance from the water
surface (Tedford et al., 2014; Wiiest & Lorke, 2003). In the open ocean, there is an increasing contribution of
breaking surface waves to near-surface turbulence at wind speeds exceeding 10 m s~! (Brumer et al., 2017).
Convective mixing may occur if the net heat flux across the air-water interface is negative, and under such
conditions, dissipation rates of turbulent kinetic energy scale with the surface buoyancy flux although the
contribution has been found to be minimal (Bouffard & Wiiest, 2019; MacIntyre et al., 2018, 2020). In
shallow lotic ecosystems, such as streams, turbulence is mainly generated by bed friction induced by cur-
rents, that is, gravity-driven flow, and dissipation rates of turbulent kinetic energy scale with the mean
flow velocity and decrease with increasing distance from the bed (Lorke & MaclIntyre, 2009). It should be
noted, that the term “bottom-generated turbulence” is often used for turbulence generated by bed friction
in oceans and lakes. However, in rivers bottom shear can result from wind forcing and from gravity-driven
river flow. Here we refer to bottom-generated turbulence as turbulence resulting from the latter forcing.
Alin et al., (2011) suggested a conceptual scheme, in which the physical control of the gas transfer velocity
in rivers undergoes a transition from the dominance of wind control in large rivers and estuaries toward
increasing dominance of water current velocity and depth in smaller channels. Such scheme can provide
the basis for a quantitative framework for estimating dissipation rates and gas transfer velocities in rivers,
but requires improved mechanistic understanding of the drivers that regulate near-surface turbulence in
rivers of different size.

With the need to quantify gas fluxes from rivers, and with minimal measurements of turbulence at this
time to test key hypotheses, empirical relations between the gas exchange velocity and bulk flow properties
have been developed including channel slope, discharge, mean flow speed, and water depth (Natchimuthu
et al., 2017; Raymond et al., 2012; Ulseth et al., 2019; Wallin et al., 2018). Although these parameteriza-
tions have mainly been derived for streams, they are applied to larger streams and rivers because direct
measurements of gas exchange velocities in large rivers are currently lacking, or restricted to estuaries and
tidal rivers. Measurements in an estuary suggested that the principal controlling factor for near-surface
dissipation rates was wind and that the surface heat flux and tidal currents played a secondary role (Orton,
McGillis, & Zappa, 2010; Orton, Zappa, & McGillis, 2010). These studies underlined the important role
of the density stratification in estuaries with seawater intrusions, which reduced the contribution of bed
shear to near-surface turbulence. Density stratification can be expected to be less important in inland rivers.
However, worldwide many rivers are altered and regulated for human demands (Grill et al., 2019). River
regulation is characterized by anthropogenic control of the water level and discharge by dams. Hence, flow
regulation is associated with alterations of the magnitude and temporal dynamics of flow velocity (Grill
et al., 2019; Poff et al., 2007) and can be expected to affect gas exchange.
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The country borders are downloaded from Eurostat (a). The aerial orthophoto has been measured on 31st August 2018

The orthomosaic is from National Land Survey of Finland (b). by University of Eastern Finland (Pasi Korpelainen) (c and d).

Figure 1. Location of the River Kitinen and the study site (a, b). The study site is marked by the black star in (a) and by the white box in (b). (c) shows the river
bathymetry at the study site, text labels refer to water depth in meters. The yellow and red symbols mark in (c), (d) the location of the thermistor chain and
floating platform, respectively. The red triangle indicates the location of the land meteorological station operated by the Finnish Meteorological Institute (FMI).
(d) Areal photograph of the instrument platform and locations of instruments. The downward- and upward-facing blue triangles show two locations of the
acoustic Doppler velocimeter (ADV) during the first month (June 10 to July 10, 2018) and the remaining period (July 10 to September 24, 2018), respectively.
Red circles indicate the locations of the acoustic Doppler current profiler (ADCP), air temperature, relative humidity and radiation sensors and eddy covariance
(EC) mast. Large white arrow in (c, b, d) show the flow direction.

In this study we identify the key drivers for near-surface turbulence in a regulated river and their temporal
variations from hourly to seasonal time scales. Based on intensive field observations in a subarctic river, we
quantify the contributions of gravity-driven flow and atmospheric forcing (wind shear, buoyancy flux, sur-
face waves) to energy dissipation rates near the water surface. We compare our observations to dissipation
estimates obtained from bulk parameters using commonly applied scaling relations, as well as to predictions
made by a one-dimensional numerical turbulence model. Based on our findings, we derive a mechanistic
concept for quantifying the contributions of wind shear and bottom friction to near-surface turbulence,
which can be applied to a range of river sizes. To validate our methods for the estimation and predictions
of the dissipation rates, we verify the assumption of an equilibrium between production and dissipation of
turbulent kinetic energy (TKE) using the model simulations of the individual components of TKE budget.

2. Materials and Methods
2.1. Site Description

The present study was conducted in summer 2018 as part of the KITEX experiment, which was an interna-
tional measurement campaign designed to improve the understanding of river-atmosphere greenhouse gas
exchange. The study combines atmospheric and water-side measurements throughout the ice-free season
(June to September) in a regulated river located in continental subarctic climate.

The study was conducted in the River Kitinen, 5 km south of the town Sodankyld in Northern Finland
(67.3665°N, 26.6230°E; Figures 1a and 1b). At our study site, the river is a Strahler order 5 river according
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Table 1
Hydraulic Parameters During the Observations: S, [m km~'] Is Bed Slope, Q [m? s~'] Is River Discharge, H [m] Is Water
Depth at the Sampling Location, W [m] Is River Width, figoy [m s71] Is Mean Longitudinal Flow Velocity at 0.4 m Water

Depth (See Following Section 2.2), Re = Zow H [-] is Bulk Reynolds Number, v [m? s~!] Kinematic Viscosity of Water (at
. \4
15°C), Fr = z}*—‘% [=] Is Froude Number, g [m s] Is Gravitational Acceleration
&

Sy[mkm™] Q[m’s™'] H[m] W[m] Tfow [M 871 Re [—] Fr[-]

0.5 84 (1; 166) 4.2 181 0.13(0.001;0.34) 4.7 -10%(2.8-10%1.2-10°) 0.02 (1.2 - 10~% 0.05)

Note. Each number corresponds to the mean value during the observational period. For temporary varying parameters,
the numbers in parentheses are minimum and maximum values.

to HydroSHEDS database (Lehner et al., 2008). The River Kitinen is the main tributary of the River Kemi-
joki, which is the longest (ca. 600 km) river in Finland. The construction of two large reservoirs, Lokka and
Porttipahta, in the drainage area (ca. 51,000 km?) of the River Kitinen in 1960, as well as seven hydroelectric
power plants, modified the river hydrology drastically. One of the consequences is that the spring flooding
is no longer present (Aberg et al., 2019). The power company regulates the river discharge at the power sta-
tions in such a way that the production of hydroelectricity increases in the morning and decreases during
the night. In addition, less electricity is generated on the weekends than on weekdays (Krause, 2011).

The measuring site was located between the two dams of the operating power plants: Kelukoski (ca. 10 km) to
the north and Kurkiaska (ca. 10 km) to the south (Figure 1b). The river width at the study location was 181 m
and the maximum water depth was 6.5 m. The surrounding area was flat and the mean bed slope was only
0.5 m km~%. The mean Froude number during the observational period was 0.02, which indicates slow subcriti-
cal flow (Table 1). A floating platform 6 m long and 3 m wide with measurement instruments was installed near
the middle of the river where the water depth reached 4.5 m. The platform had an anchor system with surface
buoys. The ropes from the platform corners were attached to surface buoys which were approximately 8-14 m
distance from the platform. Ropes from the buoys extended to the bottom where they were fixed to concrete
anchors approximately 20-30 m distance from the platform. The ropes connecting the platform, surface buoys
and the anchors were tight and made the whole construction stable even in the presence of surface waves.

An eddy covariance (EC) mast was installed at the bank of the river, at a distance of approximately 80 m
from the platform. Additionally, meteorological data were collected at meteorological station located at
about 247 m east from the floating platform and operated by the Finnish Meteorological Institute (FMI).

2.2. Water-Side Measurements

The instruments and their deployment configurations of the water-side measurements are summarized
in Table 2 and Figures 1c and 1d. An Acoustic Doppler Velocimeter (ADV, Nortek Vector) was installed
twice during the measurement campaign. For the first month (June 10 to July 10, 2018) it was deployed
at the northern (upstream) side of the platform and for the remaining period (July 10 to September 24,
2018) at the western side. The ADV was oriented downwards with its transducer located at a water depth
of 0.24-0.25 m in both deployments, providing continuous measurements of flow velocity at the depth
of the measurement volume, 0.4 m below the water surface (Figure 2). The instrument measured three
components of flow velocity in a nearly cylindrical sampling volume (15 mm diameter, 14.9 mm length),
located at a distance of 0.15 m from the transducer. An upward-facing Acoustic Doppler Current Profiler
(ADCP, RDI Workhorse 600 kHz) was deployed on the bottom of the river, approximately 10 m upstream of
the platform. Its profiling range extended from ~0.7 m above the bottom (including the blanking distance
of 0.2 m and the instrument height of 0.4 m) to ~0.3-0.4 m below the surface with a vertical resolution of
0.1 m. The ADCP operated in pulse-coherent mode (high-resolution water profiling mode) and provided
along-beam components of flow velocity from four acoustic beams which rise from the transducer at an
angle of 20° (transducer diameter: 86 mm, beam width 1.5°). The size of the sampling volume varied from
6.7 - 10~ m3 near the transducer (at 0.2 m blanking distance) to 2.4 - 10~ m? at 0.4 m below the water sur-
face. Three-dimensional velocity vectors at each depth cell were estimated by combining radial along-beam
velocities from all four beams. With a beam separation distance of 2.6 m at the water surface (0.4 m depth),
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Table 2
Water-Side Measurements Conducted in the River Kitinen
Parameter Instrument Period of measurements Sampling frequency (Hz) Sampling depth (m)
Flow velocity ADV Nortek vector June 10 to September 24, 32 ~0.4
2018
Velocity profile ADCP RDI workhorse June 7 to September 10, 2018 1-1.5 ~0.4-3.5
600 kHz
Water level RBR duet June 10 to September 24, Wave burst mode: every 0.43
2018 5 min 512 measurements
with 16 Hz
‘Water Temperature RBR solo June 6 to September 24, 2018 0.1 6 June to 17 June 2018: 0.35,
1.35, 2.35, 3.35, 4.3517
June to 24 September
2018: 0.07, 1.05, 2.05,
3.05, 4.05
Photosynthetically active LI-COR LI-192 Directional May 31 to October 2, 2018 1/60 0.3.0.65, 0.1

radiation (PAR) PAR sensor (0.3 m,
1 m); LI-COR LI-193
omnidirectional PAR

sensor (0.65 m)

turbulent velocity fluctuations could only be resolved along radial (along-beam) directions, while vertical
profiles of mean flow velocities were obtained in Cartesian coordinates. A thermistor chain was deployed
to measure water temperature at five different depths (Table 2). Water level fluctuations and surface waves
were observed using a wave recorder (RBR duet), which was rigidly deployed on the base of the EC mast at
0.4 m below the water surface. Photosynthetically active radiation (PAR) was measured at the platform at
three different water depths. It was used to estimate the attenuation coefficient (k, [m~!]) in water at noon

H

h=04mgh
] | rw
Up ADCP_

Figure 2. Schematic representation of (a) instruments location (Acoustic
Doppler Velocimeter [ADV] and Acoustic Doppler Current Profiler
[ADCP]). The upward-facing ADCP was installed on the river bottom. The
sampling volume of the downward-oriented ADV was at 0.4 m below the
water surface (black dot). Vertical coordinate z [m] is measured positive
downward, h [m] corresponds to the distance from the bottom. Blue
labels u.g,, U, [m s™] correspond to the surface air-side friction and
atmospheric friction velocity. The former is the generic descriptor of the
air-side friction velocity and the latter is calculated from eddy covariance
(EC) measurements 2 m above the water surface. In the atmospheric
boundary layer, we assume a constant shear stress distribution, thus, both
friction velocities are equal. Black labels u,g and u., indicate generic
surface water-side friction velocity and surface water-side friction velocity
converted from u,. using the assumption of continuity of shearing stress
across the air-water interface, respectively. u.j, is bed friction velocity. The
large blue arrow indicates the direction of the mean flow velocity (u).

using the Beer-Lambert law. Daily mean discharge and water level meas-
urements were provided by the Kurkiaska power station located down-
stream from the study site (source of data: Finnish Environment Institute
SYKE/ Hydrologian ja vesien kiyton tietojdrjestelmd HYDRO, available
at http://www.syke.fi/avoindata, last access: 03.01.2019).

2.3. Air-Side Measurements

The meteorological measurements are summarized in Table 3. The eddy
covariance system included a USA-1 (METEK) three-axis sonic ane-
mometer/thermometer, which was mounted on a mast in the river at a
distance of 10 m from the river bank and at a height of 2 m. The EC
system provided mean wind speed fina [m s™'], wind direction w, [°]
and atmospheric friction velocity u,,. [m s™] at 2 m height. Gaps in the
time series measurements of wind speed and direction measured at the
platform were filled using linearly regressed values from the correspond-
ing station on land (FMI). We used incoming shortwave and longwave
radiation from the land station, which were nearly identical to the values
measured at the platform, but without gaps. The outgoing shortwave ra-
diation was calculated as a product of albedo and incoming shortwave
radiation, where albedo was estimated from Fresnal's Law (Neumann &
Pierson, 1966). Outgoing longwave radiation was calculated as a function
of surface water temperature (MaclIntyre et al., 2002). Air temperature
and relative humidity were measured at the platform (Rotronic HC2-
S3CO03), and were also gap-filled using linear regression between the
platform data and the land station data.
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Table 3
Meteorological Measurements Conducted at the Study Site
Sampling
frequency Instrument
Parameter Instrument/Manufacturer  Period of measurements (Hz) height (m) Location
Wind speed, wind direction, USA-1 (METEK) May 29 to 17 October, 2018 10 2 >10 m from river bank
atmospheric friction velocity
Wind speed, wind direction UA2D Adolf Thies GmbH May 01 to October 31, 2018 1/60 22.7 Land meteorological station (FMI)
& Co. KG
Incoming short-and longwave CM11, Kipp & Zonen B.V. May 01 to October 31, 2018 1/60 17.5 Land meteorological station (FMI)
radiation
Air temperature, relative humidity Rotronic HC2-S3C0O3 31 May to 20 September 1/60 2 Measurement platform
2018
Air temperature Pt100 sensor, Pentronic May 01 to October 31, 2018 1/60 2 Land meteorological station (FMI)
AB
Relative humidity HMP155D, Vaisala Oy May 01 to October 17, 2018 1/60 2 Land meteorological station (FMI)

2.4. Data Processing
2.4.1. Turbulent Kinetic Energy Budget

In the turbulent boundary layer, we consider the following budget of turbulent kinetic energy K [m? s—2]
(Foken & Napo, 2008; Kundu et al., 2010):

0K | —oK , 9K L owpy  — =0l
— +u— + =—— —gaw'T' —uu,.— — €
ot ()X/' an Pw dx,- —— v 6x,- N—— (1)
\(ﬁ_/ — —~— = ®) ~— @
2) 3) “) (6)

where K = lu? is the turbulent kinetic energy, i, i = 1, 2, 3 which corresponds to u, v, w, u; which corre-
sponds to v/, v/, w’ [m s~!] are the mean velocities and the turbulent velocity fluctuations, respectively,
resulted from Reynolds decomposition of each of the velocity component. o, [kg m™] is the water density,
p’ [Pa] are the turbulent pressure fluctuations, x, [m] are the coordinates where x,, x,, X, correspond to x, y,
z, T' [K] are the temperature fluctuations, e [W m~2] is the dissipation rate of turbulent kinetic energy (sum-
mation convention is implied over the indices i and j). For steady-state conditions and homogeneous tur-
bulence, the rate-of-change of TKE term (1) and the turbulent transport terms (2) - (3), as well as pressure
correlation term (4) are neglected. By further assuming two-dimensional flow conditions (uniform flow
except for vertical variations of the mean longitudinal flow velocity i, [m s71]), leads to an approximate
equilibrium between the sum of the shear production term (6) and buoyant production or consumption
term (5) and the rate of energy dissipation (7) (Equation 2).

£=—gaw'T' — w/u/auﬂ 2)
0z
Note that, in comparison with, for example (Nikora & Roy, 2012), we consider the buoyancy term here, as a

source of TKE during convective cooling.

2.4.2. Estimation of Near-Surface Dissipation Rates From ADV Data

Data analysis procedures for the ADV and the ADCP were similar in that, first, the data went through
quality control procedures and then dissipation rates were computed using the inertial subrange method.
The ADV resolved the vertical velocity component of flow directly. It had high quality data and could be
used to estimate dissipation rates when surface waves were present. Thus, dissipation rates from the ADV
measurements were primarily used in the results and discussion sections when characterizing near-surface
turbulence. The sampling rate of the ADV was 32 Hz. Data were quality-checked by removing measure-
ments with a correlation magnitude less than 70% (a standard statistical measure of velocity data quali-
ty [Nortek, 2015]). Outliers were removed following the procedures described in (Goring & Nikora, 2002;
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Wahl, 2003). Subsequent analysis was performed for 10 min periods following established methods (Cannon
& Troy, 2018; Guerra & Thomson, 2017; Jabbari et al., 2020; McCaffrey et al., 2015; McMillan & Hay, 2017;
Orton, McGillis, & Zappa, 2010). If more than 20% of the data within each period were removed by the qual-
ity check, then the period was discarded, otherwise the missing velocities were linearly interpolated. In Text
S1 in Supporting Information S1 we demonstrate that the chosen threshold of 20% results in an uncertainty
of dissipation rate estimates of less than 10% (Figure S1 in Supporting Information S1). Velocities measured
in instrument coordinates were rotated into the direction of the mean flow for each interval. Mean flow
velocity was calculated for each 10 min time interval as the mean longitudinal velocity component g,y . In
total, 11% of the data were removed during quality screening and averaging.

Dissipation rates of turbulent kinetic energy €, [W kg~'] were estimated using the inertial dissipation
technique also known as inertial subrange fitting (ISF), following (Bluteau et al., 2011). This method is
based on general theories of turbulence describing a cascade of energy from the larger to the smaller scales
(Tennekes & Lumley, 1972) and an implicit assumption of an equilibrium between production and dissipa-

tion of TKE. We estimated the dissipation rate using the following equation:

3
Ek) \2
= (i) @

Here, E [m?® s72 rad~!] is the one-dimensional wave number spectrum of turbulent velocity fluctuations.
a, = 1.5 [-] is the Kolmogorov constant, k is the longitudinal wave number [rad m~], and A is a constant
which depends on the direction of velocity fluctuations: for vertical and transversal components A = % X %
[-] and for horizontal component A = 1 x g [-] (Pope, 2000). \

Velocity power spectra in the frequency domain S(w) [m? s~ rad~!] were calculated using Welch's method
(Thomson & Emery, 2001). Each 10 min segment of velocity time series was divided into overlapping (50%)
sections with 8192 individual samples on which a fast Fourier transform was applied after subtraction of
a linear trend and multiplication with a Hanning window function. Power spectra were estimated as the
average squared magnitude of the periodograms. We converted the spectra from frequency to the wave
number domain (w = vk ) using Taylor's frozen turbulence hypothesis, which assumes that the turbulent
flow does not change its characteristics while passing through the sensor and that turbulent vellocity fluctu-

ations are much smaller than the mean flow. The validity of this approach was tested as (E) 2 Jigow < 0.15
(Bluteau et al., 2011).

The spectral range used for inertial subrange fitting was limited by the instrument noise at a high frequency
limit e, [rad s7'] and by the size of energy-containing eddies at a lower frequency limit w, , [rad s7']. We
defined the upper cutoff frequency as the frequency for which the ratio of power spectral density to the
noise level became smaller than one. The noise level was calculated for each spectrum as the logarithmic
mean of S at frequencies larger than 50 rad s~! where noise was always observed even for high flow velocity,
see Figure 3a. The lower frequency limit was estimated by identifying a breakpoint in spectral slope at the
beginning of the inertial subrange (IS) in each spectrum (see Text S2, Figure S2a in Supporting Information
S1). If this breakpoint corresponded to the distance larger than the distance to the boundary —I = 0.4 m
and 4.2 m for vertical and horizontal velocity components, respectively, then the lower IS limit was set to
the frequencies corresponding to this distance (wiow = 27itgow /1) (see an example for vertical component in
Figure S2b in Supporting Information S1).

Many spectra had a pronounced peak caused by surface waves (~10 rad s~ or 1 s period, see Figure 3b). For
these spectra, an upper frequency limit for ISF was defined as the frequency where the function f= S(w) - w
had a minimum value within the interval 0.5 < w > < 3 [rad s7!]. The minimum marks the transition from
the —5/3 power law to the wave peak.

u

Following the suggestions in Bluteau et al. (2011), we applied the following quality criteria to the inertial
subrange fits: (a) validity of Taylor's frozen turbulence hypothesis (15% of the fits were rejected); (b) coeffi-
cient of determination should be larger than 0 (26% of fits were rejected). In addition, the following optional
quality criterion was applied: (c) length of the fitted inertial subrange (10% of fits were rejected). We ap-
plied the three criteria to all the data (the threshold for the last one was 10/8 of a decade as an compromise

GUSEVA ET AL.

7 of 27



A7t |

M\\JI Water Resources Research 10.1029/2020WR027939
AND SPACE SCIENCE
3 (@) 3 (b)
103 ; T |||||||| T IIIIIIII T |||||||| T IIIIIIII T |||||E 103 E T T TTTT T llllllll LI IIII T llllllll T IIIII=
o E /% N 1 - : E
5 10°F 3V 1 o 10°F 1
o | oo ' j © : 3
‘Tw % confidence N?p % ‘Tw % %
c\[é 10 = l bounds E Né 1077 3 E
% C ADV ] o i ]
8 E - -- ADCP E 8 . E 9b5% c(:jonfidence 3
107k E 10 g | bounds E
o 2 ISF oy £ap~ 84x10°+-146% ] O F | 3
% |SFADCP £ = 5.8><10-8 +/- 360%§ % wave ISF £ =1.1x 10—6 %
10-11 C 11 lllllll 11 lllllll quqﬁllll 11 lllllll i IIlIlT 10-11 L 11 lllllll 11 Illllll 11 lllllll 11 Illllll 11 lllll-l
102 10" 10° 10" 102 108 102 10" 10° 10" 10> 10°
frequency w[rad 3'1] frequency w [rad 3'1]

Figure 3. (a) Typical frequency spectrum (power spectral density, PSD) of vertical velocity fluctuations measured by ADV (gray line) and along-beam velocity
fluctuations measured by ADCP (dashed black line) for a period without surface waves. Blue and red parts of the spectra represent the selected range for
estimating dissipation rates by inertial subrange fitting (ISF, —5/3 slope) for ADCP and ADV, respectively. Thick blue and red lines show the corresponding fits.
The dissipation rates obtained from ISF ¢, ,,, €, ., [W kg™'] with confidence bounds (in percent) are provided as labels. Gray and black lines with dots indicate
the 95% confidence bounds of the spectra for ADV and ADCP, respectively. (b) ADV frequency spectrum for a period with surface waves (wave peak at around
10 rad s7!). The frequency range marked by red color was used for spectral fitting of the wave affected inertial subrange method (Equation 4). The extrapolated
fit from the wave-affected part is shown as a thick red line.

between reasonable amount of data and avoiding too short inertial subrange) and rejected fits were discard-
ed from further analyses of dissipation rates. Application of these three criteria led to 58% reduction of the
fits.

We visually inspected the spectra of all three velocity components. Most of the horizontal and transversal
velocity spectra were strongly contaminated by noise (see a typical example in Figure S3a in Supporting In-
formation S1). In contrast to that, the vertical component was found to be less affected by noise. To validate
the assumption of isotropic turbulence, we compared the quality assured dissipation rate estimates from
horizontal and vertical velocity components (see Figure S3b in Supporting Information S1). We found a
good agreement on average, however, at higher dissipation rates there was a discrepancy of at least a factor
of 3-5. We used only the vertical velocity component for the calculation of dissipation rates, as in other
studies, (e.g. Feddersen et al., 2007).

When surface waves were present, we fitted spectra at frequencies higher than the surface waves and lower
than the noise limit (see Figure 3b). Advection by wave orbital velocities additionally was accounted for:

N 573\ 32
e = exp <ln((Sww(w) Noise level) @ > >’ @

axK wa

where Jy = f(01,02,03,i1, D) is a function describing the effect of the wave advection in terms of the
standard deviations of all three velocity components o, and mean horizontal flow velocities (@, #) (Gerbi
et al., 2009). The subscript “ww” is used for vertical velocity component. The angled brackets denote averag-
ing over all frequencies w for which the inertial subrange fit was applied. This method is a slightly modified
version of the one proposed by (Feddersen et al., 2007). The spectra which were affected by surface waves
and the range of the frequencies for wave peaks were selected manually. These selected spectra were fitted
according to Equation 4. A comparison of both fitting procedures for spectra where an inertial subrange
could be fitted at both sides of the wave peak, revealed good agreement of the resulting dissipation rates.
Resulting dissipation rates consisted of 54% and 46% estimates using Equations 3 and 4, respectively.

To exclude time periods for which the observed flow was potentially affected by the platform, we discarded
dissipation rate estimates for which the sampling location was at the downwind end of the platform, that

is, for wind direction (a) 80° < w,, < 245° for the first and (b) 20° < w,, < 150° for the second deployment.
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This led to a further 25% reduction of the quality-checked data resulting in a total of 7,452 dissipation rate
estimates based on ADV data (0.4 m water depth).

2.4.3. Estimation of Dissipation Rates From ADCP Data

The overall procedure to analyze ADCP data was similar to that with the ADV. That is, the first steps involved
obtaining valid data using quality controls followed by calculating dissipation rates in the inertial subrange.
Measurements with a magnitude of signal correlation less than 70 were removed and velocity time series at
each depth were despiked using the same parameters as for the ADV data. For the first 33 days, we applied
a bin mapping procedure using linear interpolation (Ott, 2002) due to a significant instrument tilt during
this deployment (~ 8°). Frequently occurring losses of connection to the ADCP resulted in missing data and
a slight reduction of actual sampling frequency. If the number of missing velocity measurements in 10 min
analysis intervals was less than 20%, we applied linear interpolation to fill these gaps using the mean sam-
pling frequency for this period.

Velocities were measured in beam coordinates, which were transformed to orthogonal (instrument) coor-
dinates before being rotated into the mean flow direction (longitudinal, transversal and vertical velocity
components) for 10 min averaging intervals. After quality screening and averaging, the temporal coverage
of valid velocity measurements was ~50% of the total deployment duration in the middle of the water col-
umn, and slightly less (44%) near the water surface (0.4 m water depth).

Frequency spectra were calculated from beam velocities over 10 min periods (number of samples used for
the fast Fourier transform is 256) and log-averaged over all 4 beams. The identification of the lower and up-
per frequencies of the inertial subrange was the same as described above for the ADV. For each individual
depth the distance to the boundary (except cases when the breakpoint in the in the optimization procedure
was smaller than this distance), was fixed as the lower frequency limit.

Since the ADCP measures velocity fluctuations along the four acoustic beams, the direction of the turbulent
velocity fluctuations, that is, the constant A (Equation 3) is undetermined. In this study the constant was
setto A = 1.16 X 2, which corresponds to the average of 1 and 4/3. We applied the same quality criteria to
spectral fits as for the ADV data.

The sampling frequency of the ADCP was too low to resolve wave orbital velocities, and we could not esti-
mate dissipation rates during wave-affected periods. As described above, we primarily used the ADV data in
subsequent analyses. The ADCP based estimates are used in Sections 2.6, 3.2, where we specifically analyze
bottom-generated turbulence and provide vertical profiles of dissipation rates.

2.4.4. Shear Stress Obtained From Eddy Covariance

A double rotation of the coordinate system was performed with the wind velocity measurements of the an-
emometer (McMillen, 1988). The atmospheric friction velocity was calculated from the original 10 Hz data
as 5 min block-averages as a square root of the Reynolds stress in the air:

R — 2\ 2
— ! / / /
Usgc = (”Ecwﬁc + Upc W ) : (5)

Here, the subscript “EC” is used showing that these turbulent velocity fluctuations were measured in the air.
Screening for weak turbulence with a specific friction velocity limit was not performed, but the cases with up-
ward momentum flux (u],.w;,. < 0) were discarded. The 5 min u, ., wind speed and wind direction data were
further averaged to 10-min mean values to enable direct comparison with other data. Acceptable wind direc-

tions were 151° < w,, < 190° and 290° < w,, < 323° to ensure sufficient fetch with an open water surface.

2.5. Turbulence From Atmospheric Forcing

To estimate dissipation rates in the water from bulk measurements of atmospheric forcing, we used
Monin-Obukhov similarity scaling described in Tedford et al. (2014). During periods of heating of the water

surface (the surface buoyancy flux, J,, > 0 [W kg™!]), dissipation rates were estimated as:
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3
*Sw

£sBL = €sBL, wind = Ci oy (6)
K

where x = 0.41 [-] is the von Kdrmdn constant, C; = 0.6 is a constant, z [m] is the distance from the water
surface. u,g, [m s7'] is the surface water-side friction velocity computed from surface wind shear stress
7, [N m~] assuming continuity of shear stress at the interface 75 = pauﬁSa = pwu§5w, where p, [kg m™] is
the air density, u.g, [m s™'] is the surface air-side friction velocity. Using this assumption we calculated
usw = (ts/ pw)%. Surface wind shear stress was calculated from the wind speed as zs = paCDuﬁ\zm " where
C,,, [-]is the drag coefficient. We assumed a neutral drag coefficient at 10 m height of C, ,, = 1.3 1073
(Foken & Napo, 2008), which gives C;,. , = 1.8 -1072 at the 2 m measurement height using boundary-layer
scaling. Note, that “neutral” refers to the neutral stratification in the atmosphere. C was corrected for

Da 2m
atmospheric stability following (Hicks, 1972).

The buoyancy flux was calculated as J,, = gotheat/(Cp P [W kg™'], where Q, . [W m™] is the effective
heat flux at the water surface, a is the thermal expansion coefficient of water, C, [J kg=! °C1] is the specific
heat capacity of water. The surface heat flux was computed as the sum of latent heat flux, sensible heat flux
and net longwave radiation, and the effective heat flux for the actively mixing layer as the sum of the surface
heat flux plus the shortwave radiation retained within the actively mixing layer. The mixing layer depth was
estimated as the depth where the water temperature difference from the surface was exceeding 0.02°C. All
calculations above were based on formulations from (Imberger, 1985; MaclIntyre et al., 2002, 2014).

During water cooling (J,, < 0), when convective mixing also contributed to the dissipation rate (Tedford
et al., 2014), ., was estimated as:
3

u*Sw (7)
ESBL = ESBL, wind T €SBL, buoy = Cl oz +0.77|Jo|,
K

Additionally, we used surface boundary layer scaling to estimate wind-generated energy dissipation rates
(Equation 6) in the water from atmospheric momentum fluxes measured by EC:

3

0
espLEc = C) ﬂ, (8)
KZ

where the surface water-side friction velocity u,.. was estimated from the atmospheric friction velocity

*ECw
1
U, calculated from the EC system as u.rcw = «ec(pa/pw)?2. Shear stress is assumed constant in the atmos-

pheric boundary layer (u

spe = Uigy)-

2.6. Bottom-Generated Turbulence

In addition to turbulence generated by atmospheric forcing, we consider the contribution of bed friction of
gravity-driven river flow. This source of turbulence comes from the mean kinetic energy through the shear

production term (6) in Equation 1. We used the variance of ADCP beam velocities to compute vertical pro-
1

files of Reynolds shear stresses 71 = (—u’ w’2 + = w’2> : [N m~2] following (Stacey et al., 1999). The bed

friction velocity u., [m s!] was calculated as:

T
Uy =

B s
where h [m] is the distance from the bottom, H is the total water depth at the ADCP location.

To estimate the near-surface dissipation rates generated by turbulence production by bed shear we used
three approaches, which are all based on the assumption of a steady, two-dimensional boundary-layer flow.
The first simple dissipation scaling is based on the assumption that the shear stress is constant over the
water column and equal to bed shear stress 7, [N m~2]:

w

*B
€BBL = . (10)
BBL h
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A commonly used empirical approach in open channel flows, where the shear stress is decreasing linearly
from the bed to zero at the water surface (Nezu, 1977), results in a stronger exponential decay of dissipation
rates with distance from the bed:

u E < 3h )
B
EBBL, Nezu — F[ exp F[ > (11)
V h/H

where E [-] is an empirical constant for which we assigned a value of E = 9.8, as suggested by Nezu (1977).
In addition, we used the model proposed in Nikora and Smart (1996):

wy h
EBBL, NS = P (1_ﬁ>’ (12)

where apart from linearly-decreasing shear stress a logarithmic profile of the mean flow velocity is taken
into account. Note, that the assumption of an equilibrium between production and dissipation of turbulent
kinetic energy is implied in all above equations and density stratification is not considered.

To identify periods when bed shear stress was the dominating generation mechanism for near surface tur-
bulence, we estimated u,, from ADCP data (Equation 9) as the mean value over 18 bins (0.7-2.4 m above
the bed). We then selected cases when the dissipation rate at 0.4 m water depth predicted by Equation 10
exceeded the dissipation rate from atmospheric forcing (Equation 6 and 7). For these cases, we compared
the vertical distribution of dissipation rates obtained from ADCP data with the three scaling approaches
described by Equation 10-12.

For the selected cases for which bed-shear was the dominating source of near-surface turbulence, we esti-
mated the bed drag coefficient C  [-], which relates bed shear stress to the mean flow velocity at a given
height above the bed:
2
u
. (13)

uﬁow Im

Cpw =

C,,, Was first estimated for a height of 1 m above the bed using the mean flow velocity measured by the
ADCEP. Unrealistically high values of the drag coefficient were excluded from averaging. We chose an upper
threshold of (C,, < 7.4 -1073, which corresponds to the upper limit of Manning's roughness coefficient
n,, = 0.035 s m~'/3 reported for the rivers with sand bed and the straight uniform channel where grain
roughness is predominant (Arcement & Schneider, 1989; Chow, 1959). To take advantage of the longer time
series of mean flow velocity measured by the ADV, we subsequently scaled the bed drag coefficient to 0.4 m
water depth following two equations where we first derived the bed roughness length z, [m]:

K

Zo=h-e Voou, 14)

where h = 1 m. Then we calculated the bed drag coefficient at 0.4 m water depth (h = 3.8 m):

K.2

Cow = —— (15)
m(£>
2o
By combining expressions for the bed shear stress 7 = p, Copwits ,and the bed friction velocity u.s = (z8/pw) :

and Equation 10, the mean flow velocity measured by the ADV was used to estimate the near-surface dissi-

pation rate generated by bed shear (g, ,p,y) as:

=3

£
€ =2 o (16)
saLApy = Cp —
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2.7. One-Dimensional k — £ Model

Both bottom shear stress and atmospheric forcing are taken into account while simulating dissipation rates
below the water surface using a vertically resolving turbulence model of a river flow. The one-dimensional
(in vertical direction) modeling of turbulent river flow should be sufficient to reproduce the vertical struc-
ture of thermo- and hydrodynamic properties, if the marginal effects at river banks are negligible; this is
the case when depth-to-width ratio is small (about 0.02 for the River Kitinen at the location of the raft). The
k — e model used in this study is a 1D version of Reynolds-Averaged Navier-Stokes (RANS) equation system.
This system is an exact result of spatial averaging of 3D RANS-equations over a horizontal cross-section of
a river stream, in which the shape of horizontal and vertical cross-sections are assumed rectangular, ne-
glecting heat and momentum fluxes at the channel banks and omitting longitudinal advection; the system
is provided with boundary conditions from atmospheric and river discharge measurements (the complete
description of the model is given in Text S4 in Supporting Information S1). The full system is solved using
LAKE2.0 model code (Stepanenko et al., 2016) as it uses horizontal averaging of thermo- and hydrodynamic
equations as well. The only modification to the lake model algorithm was an addition of a method to com-
pute longitudinal pressure gradient, driving the river flow (Text S4 in Supporting Information S1).

The model provided TKE transport terms, which we use in Section 3.6 to verify the assumption of an equi-
librium between the production and the dissipation underlying dissipation rate estimates.

2.8. Statistical Analyses

Cumulative distribution functions of dissipation rate estimates are approximately lognormal (Baker & Gib-
son, 1987). Averaging of dissipation rates was therefore done with log-transformed values. Similarly, also
estimates of the bottom drag coefficient log-averaged. For visual comparison of different dissipation rate
estimates we applied a bin-averaging procedure, which is described in Supporting Information S1 (Text S3,
Figure S8).

3. Results
3.1. Overview of the Measurements

The variations of wind speed, flow velocity and surface buoyancy flux as the main drivers for near-surface
turbulence are shown in Figure 4. Wind speed varied over diel and synoptic scales with a range of 0 and
8.4 m s~1. Mean flow velocity also changed over diel cycles due to the downstream dam operations and
ranged between 0.001 and 0.34 m s~!. River discharge at the downstream Kurkiaska power station (Fig-
ure 4b) varied between 1 and 166 m?> s~1, with no pronounced seasonal pattern. The mean discharge during
the time period from June 1 to September 30 was 84 m* s~1. Daily mean measured flow velocity and the dis-
charge were strongly correlated (o = 0.9, p < 0.05, where p is a correlation coefficient and p is a significance
level for the correlation coefficient). The surface buoyancy flux generally showed a pronounced diel pattern
with seasonally varying amplitude. Maximum (3.2 -10~7 W kg™1) and minimum (—1.7 -10~7 W kg™1) values
were observed at the beginning of August. Nighttime buoyancy fluxes were negative throughout the obser-
vational period as expected and indicative of periods when convective mixing could occur. The dissipation
rate at 0.4 m depth varied between 9.7 -1071° and 2.4 -10~> W kg~! (Figure 4d). Dissipation rates less than
108 W kg~! were observed when flow velocities were low, that is, at low discharge.

Air temperature varied between —0.8°C on September 15 and 30.3°C on July 13 and also showed a diel
pattern (Figure S4a in Supporting Information S1). Surface water temperature increased during summer,
reaching its maximum value of 23°C on August 2, and slowly decreased toward autumn to the minimum
value of 8.7°C on September 22. Weak thermal stratification developed primarily during the first half of
the summer June-July (Figure S5 in Supporting Information S1). The maximum value of the temperature
difference between the surface and bottom was 2.3°C on June 18 (Figure S5a in Supporting Information
S1). Using a threshold for the temperature difference between surface and bottom of 0.05°C (Bormans &
Webster, 1997), stratification was observed on 41 days and persisted for 38% of the observational period.

Significant wave height H (defined as the average wave height, from trough to crest, of the highest one-
third of the waves) was correlated to wind speed (o = 0.7, p < 0.05) and was mostly below 0.05 m reaching
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Figure 4. Time series of drivers of near-surface turbulence during the study period: (a) wind speed; (b) longitudinal
flow velocity at 0.4 m water depth (ADV, black line), daily mean flow velocity (blue line) and daily mean discharge
at Kurkiaska power station (red line with square symbols); (c) buoyancy flux; (d) dissipation rate of turbulent kinetic
energy at 0.4 m depth. Except for daily mean values in (b), all data are shown with 10 min resolution.

a maximum value of 0.11 m (Figure S4c in Supporting Information S1). We found weaker correlation be-
tween H, and i,,¢ When the wind blew along the main flow direction (o = 0.5, p < 0.05, Figure S6a
in Supporting Information S1) in comparison with a relatively strong correlation and linear relationship
(p = 0.8, p < 0.05) when the wind direction was in opposition to the main flow direction (Figure S6b in
Supporting Information S1).

The diel variability in flow was not only observed at the surface but throughout the full water column
(Figure 5). Maxima occured during daytime (Figures 5b and 5c). The change from high to low flow velocity
occurred rapidly, with mean flow velocity often decreasing by 50% within 30-60 min. The direction of the
mean flow near the water surface was aligned either with the wind direction or with the direction of river
flow (Figure 5a). During the day, when flow velocities and wind were elevated, incoming heat was some-
times mixed throughout the water column and water temperature increased; on the other days temperature
declined. After flow speed and wind speed decreased at night, weak thermal stratification occurred and
persisted until midnight (see 1-2 July in Figure 5d). Stratification usually persisted for several hours, before
it was disrupted by a rapid increase in flow or by convective mixing.

3.2. Bottom-Generated Turbulence

When bed-shear was expected to dominate near-surface dissipation rates (n = 2,967), the temporarily aver-
aged dissipation rate estimated from ADCP measurements were highest near the bottom (maximum value of
3.7 -10~° W kg~! at a distance of 0.7 m above the bottom) and decreased by a factor of five to 7.1 -10~7 W kg~!
near the water surface (Figure 6a). The vertical profile agreed well with the simple dissipation scaling based
on assumption of the constant shear stress distribution (Equation 10). The extrapolation to 0.4 m water
depth was in close agreement with the mean dissipation rate estimated from ADV measurements for the
selected cases. This agreement was unexpected as the extrapolation of the dissipation rates up to water sur-
face using Equations 10 and 12 is only valid for a distance from the bottom over which the velocity profile
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Figure 5. Time series of (a) flow direction (ADV, black line) and wind direction (blue line); (b) flow velocity (ADV
[dm s7!], black line), wind speed ([m s7!], blue line) and dissipation rate of turbulent kinetic energy (ADV, red
crosses); (c) contours of flow velocity (ADCP), black line represents water surface; (d) water temperature. Data are from
June 28 to July 04, 2018, emphasizing diel dynamics with a temporal resolution of 10 min.

is expected to be logarithmic (up to 0.6 of the water depth H). We did not find a good agreement between
the mean ADCP dissipation rate profile and the two scaling relations for dissipation rates based on linearly
decreasing shear stress toward the water surface (Equations 11 and 12). Both profiles agreed well with each
other at a distance of 0.7 m above the bottom and deviated from the ADV dissipation rate at 0.4 m depth by
a factor of 4 and 10, respectively. In contrast to the empirical approach by Nezu (1977), the model of Nikora
and Smart (1996) converges to zero at the water surface (Figure 6a).

In contradiction to the scaling of vertical profiles of dissipation rates, the averaged Reynolds shear stress
profile was not constant over depth, but closely followed a linear decrease toward zero at the water surface,
as assumed in the derivation of Equations 11 and 12 (see, Figure S7 in Supporting Information S1).

The average value of the bottom drag coefficient at 1 m distance above the bed equaled to C; = 0.002.
For a water depth of 0.4 m we estimated a value of C, = 0.0015. There was generally good agreement
between bin-averaged near-surface dissipation rates estimated from the bed friction velocity derived from
ADCP measurements (u*B), and dissipation rates predicted from mean flow velocity measured by the ADV

(€gp1 apv» Equation 13, see Figure 6b).

3.3. Turbulence Generated by Atmospheric Forcing

We examined the relation between dissipation and atmospheric forcing for cases when g, > €., . Bin-av-
eraged rates of dissipation of turbulent kinetic energy predicted from bulk atmospheric forcing (e, , Equa-
tions 6 and 7) agreed reasonably well with dissipation rates estimated from ADV measurements (e, ,,,) over
nearly three orders of magnitude (Figure 7a). The predicted values slightly underestimated dissipation rates
in the higher range of the data. Considering only data for which the wind direction was along the river (151°
<wy, <190° and 290° < wy, < 323°) did not improve the agreement significantly (a two-sample Kolmogor-
ov-Smirnov test showed no significant difference between them) (Figure 7b). The average ratio of predicted
and observed dissipation rates was y = 1.2 in both cases.
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Figure 6. (a) Temporarily averaged dissipation rate profiles during conditions at which bed shear stress was expected to dominate turbulent dissipation near

the water surface: the black line with open circles shows dissipation rates obtained by inertial subrange fitting from ADCP measurements (&, ,.»

number of

data points at 1 m distance above the bed: 53). The gray area marks the 5th to 95th percentile range of the data. The empty red circle shows the mean dissipation

rate (and percentile range) estimated by inertial subrange fitting of ADV measurements (¢, ,, ). The solid black line represents ey .,

dashed black line represents e,,, (Equation 10) and dashed red line represents ¢

BBL

(Equation 11), the

5L, s (Equation 12). For e, ., we considered only those profiles which have

at least 80% data in vertical direction and at least 20 time intervals. The thick horizontal line marks the water surface. The thick blue line corresponds to the
depth up to which the logarithmic velocity law is valid (0.6 of water depth H). (b) Dissipation rates at 0.4 m water depth estimated from mean flow velocities

measured by ADV (e

BBL,ADV’

Equation 16) versus dissipation rates estimated from shear stresses obtained from ADCP data (e,

Equation 10). The black line

with square symbols shows bin-averaged data. Number of data points in the plot is 1714. The solid gray line shows the 1:1 relationship and two dashed lines
indicate differences of one order of magnitude.

Dissipation rates estimated from measured momentum fluxes by the EC system (&g, 5., Equation 8) exceed-
ed observed dissipation rates by a factor of five on average (Figure 8a). The large difference between the two
dissipation rates estimated from atmospheric forcing were related to the difference between measured wind
friction velocity and that estimated from mean wind speed in the bulk scaling (Figure 8b), with the latter
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Figure 7. (a) Predicted dissipation rate of turbulent kinetic energy from bulk meteorological forcing e, versus
observed dissipation rate ¢, at 0.4 m water depth. Light gray symbols show all data, dark gray symbols mark data for
the selected cases for which near-surface turbulence was driven by atmospheric forcing (SBL cases). The black line
with square symbols shows bin-averaged selected data. The solid gray line shows the 1:1 relation and two dashed lines
indicate differences of one order of magnitude. (b) Probability distributions (bar graphs) of the ratio of g, and e, ,, for
all data with predominant atmospheric forcing (gray), and for the subset of this selection for which the wind directions
were along the river (151° < w,, < 190° and 290° < w,, < 323°) (red). The number of data points n and the mean values

u of both distributions are provided in the legend.
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Table 4

Relative Contribution of Different Forcing Mechanisms to Near-Surface

Dissipation Rates (0.4 m depth)
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Figure 8. (a) Probability distributions (bar charts) of the ratio of dissipation rates estimated from atmospheric forcing
and dissipation rates computed from measurements at 0.4 m depth. The gray bars show the distribution for bulk scaling
(&45;» Equations 6 and 7) and the red chart shows the ratio for dissipation rates estimated from measured momentum
fluxes by the eddy covariance system (egy ., Equation 8). Only selected data for periods when atmospheric forcing is
expected to dominate near-surface turbulence are shown. The number of data points n and mean values of the ratio u
are shown in the legend. (b) Measured wind friction velocity by EC u..., versus predicted friction velocity calculated
from the bulk approach u.g,. The solid black line indicates a bin-average of the data, the gray solid line shows a 1:1 ratio
and the two gray dashed lines represent one order of magnitude difference.

being consistently smaller than those derived from measurements. The agreement between the measured
and predicted friction velocities was not improved if only wind directions along the river were considered.

We additionally tested a scaling relation for near-surface dissipation rates under breaking surface waves
proposed for large lakes (Wang et al., 2013, 2015) (see Appendix A for details). We estimated the dissipation
rate by taking measured significant wave height into account (see Appendix A, Figure S9a in Supporting In-
formation S1). In comparison to dissipation rates predicted from bulk atmospheric forcing (e, ), the wave
scaling (e, ) did not improve the prediction quality (mean value of the ratio of ¢,  and e, u = 0.1, see,
Figure S9b in Supporting Information S1). On average, ADV dissipation
rates were a factor of 10 higher than the prediction ¢ . The wave contri-
bution to the dissipation rate was small due to much larger relative depth
(depth of the dissipation rate measurements over the significant wave

height) than in the former observations made in large lakes.

wave:

Wind, buoyancy flux and mean Wind and

Dominance of:

SSBL,wind

8SBL,buoy

BBL

Total amount of data

flow mean flow
3.4. Relative Importance of Atmospheric Forcing and Bottom-

n = 5564 n=7199 Generated Turbulence
44% 60%

- To evaluate the relative contributions of different generation mechanisms
B to turbulence near the water surface, we classified all 10 min data seg-
15% ments throughout the observational period according to the highest val-

n = 5081 n = 6266 ues of predicted dissipation rates at 0.4 m water depth. For this analysis
40% 40% we used dissipation rates estimated from mean flow velocity observed by

n = 12,646 n=13465 the ADV (ey ,p,)and from bulk atmospheric forcing (egp; yina> €51 buoy).
100% 100% Conditions for which ey, ,p,, Was larger than ey, . and &g buoy’ but

smaller than their sum, were only 1% of total cases and are not included

Note. As an indicator for the dominating forcing mechanism, the first
column shows the predicted dissipation with the maximum magnitude:
€, Wind estimated from wind speed, &g, buoy estimated from
buoyancy flux and €, estimated from mean flow velocity. n is a number
of observations (10 min sampling intervals) and percentages refer to
relative occurrence during the observational period. The second column
shows the relative contributions of wind and mean flow velocity with
disregarding the buoyancy flux.

in further analyses.

Between June and September bottom-generated turbulence dominat-
ed for 40% of the time, wind 44%, and convective cooling 15% of the
time (Table 4). Despite the large scatter of individual 10-min estimates,
bin-averaged dissipation rates predicted from mean flow velocity and at-
mospheric forcing agree well with our observations (o = 0.5, p < 0.05,
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Figure 9. (a) Predicted dissipation rates of turbulent kinetic energy at 0.4 m water depth vs. observed values ¢, .,

(n = 6,848 number of the data points resulted from the intersection of the ADV dissipation rate measurements (7,452)

and combined predicted dissipation rate). Predictions are based on wind speed &g, .., and buoyancy flux e, buoy if

atmospheric forcing was the dominant driver of the near surface turbulence (blue and orange symbols, respectively).
The predictions are based on bottom-boundary layer scaling estimated from mean flow velocity gy ,,, When the
bottom-generated turbulence was dominant (red symbols). The dominant forcing mechanism was identified as the
largest value of the three predictions. The black line with square symbols indicates bin-averaged data over all forcing
conditions. The solid gray line shows a 1:1 relation, dashed lines represent a one order of magnitude difference. The
symbols are partly overlapping, red and orange were plotted on top of blue. (b) Relative frequency of occurrence of
dominant forcing conditions as a function of wind speed and (c) mean flow velocity. n indicates number of data points.

Figure 9a). The mean ratio of predicted and observed dissipation rates was 1.0. We additionally estimated
the relative contributions of turbulence from wind speed and from gravity-generated flows, while disregard-
ing buoyancy flux which is not always available in all studies. In this analysis we predicted the dissipation
rate at 0.4 m water depth either from Equation 16 or (6), depending on which of both predictions was high-
er. The statistics of the dominant forcing mechanisms changed only slightly. Wind- and bottom-generated
turbulence dominated in 53% and 47% of total time, respectively (Table 4).

Wind shear affected near-surface dissipation rates for wind speeds greater than 1 m s~! and was the
dominant mechanism for wind speeds exceeding 3 m s~ (Figure 9b). When the flow velocity exceeded
9-10 cm s, the bottom-generated turbulence dominated the near surface energy dissipation (Figure 9c).
The contribution of the buoyancy flux was important at night, when the convective cooling coincided with
low flow velocity and low wind speed. It was the most frequent cause of turbulence at wind speeds less than
2 m s~! and flow velocities less than 9-10 cm s~

The effect of thermal stratification is not included in the scaling approaches that we used to estimate
near-surface dissipation rates from bulk forcing variables. To test its importance, we comparing the proba-
bility distributions of the ratio of predicted and observed dissipation rates for cases with and without ther-
mal stratification (temperature difference > 0.05°C). Except for periods of convective cooling, stratification
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did not change the agreement between predictions and observations significantly (mean value of the ratio
differed by less than 20%). In the rare case of convective turbulence in the presence of thermal stratification
(3% of the observational period), the predictions based on buoyancy flux overestimated observed dissipation
rates by 40% on average (Figure S10b in Supporting Information S1).

To test the effect of wind direction relative to the flow direction on near-surface dissipation rates, we sepa-
rated the data into cases when the wind directions was along the longitudinal river flow direction (290° <
wy, < 323°) and against (151° < w,, < 190°). Significant differences between predictions and observations
were found between both cases, if wind or gravity was the dominant forcing mechanism (Figure S11 in
Supporting Information S1). For wind-generated turbulence, the predictions underestimated near-surface
dissipation rates by 10% for the periods when wind direction was along river flow in comparison to the peri-
ods when the wind direction was against the river flow. When bottom-generated turbulence was dominant,
the predicted dissipation rates were lower than observed values by 10% and 20% for wind direction against
and along the river, respectively.

3.5. Effect of Water Depth

To assess the extent to which dominant controls depend on water depth as well as on the distance below
the surface, at which dissipation rates are evaluated, we calculated the ratio of dissipation rates resulting
from bed friction (Equation 16) and from wind forcing (Equation 6). We derived a “critical” wind speed, for
which both dissipation rates are equal, that is, for wind speeds greater than the critical wind speed, wind is
the dominant forcing of near-surface turbulence:

1 1 1

_ 1 (pw\*( Cow 2( z )%
wind crit = w5 | — . 17
Uyind crit = Hfio C1<pu) (CDa> T —2 a7

Note, that we did not consider the cases where buoyancy-driven turbulence dominated because we assumed
its contribution was not significant in time. This equation is not accurate during stable density stratification
(see Figure S10 in Supporting Information S1).

We calculated the critical wind speed u_; , .., for the depth of 0.4 m using estimated for this depth the drag

coefficient (ADV measurements). For the water depth at our sampling site of 4.2 m, u; , ... increased from
1 to 7.2 m s~! for mean flow velocities between 0.1 and 0.35 m s~'. For a flow velocity of 0.35 m s7%, the

critical wind speed decreases from 13.4 m s~! for a flow depth of 1-2.4 m s~! for 100 m depth (Figure 10a).

The critical wind speed increases strongly with increasing depth at which wind and bottom-generated tur-
bulence are compared. Using Equation 17, we computed the mean critical wind speed as a function sam-
pling depth below the surface for the range of observed mean flow velocities (at 1 m above the river bed). At
the ADV sampling depth (0.4 m below the surface), the mean critical wind is a factor of 6.8 higher compared

to U, 4 i €Stimated for a sampling depth of 1 mm below the surface. This depth corresponds to the Kolmog-

orov microscale of turbulence Ly = (v? /5)41, which defines the thickness of a viscous sublayer at the water
surface and the depth at which turbulent energy dissipation rates are maximal (Lorke & Peeters, 2006). The
value of the Kolmogorov microscale was calculated from the the log-averaged value of the observed dissi-
pation rates at 0.4 m depth.

3.6. Verification of Equilibrium Between Production and Dissipation of TKE

We used the numerical 1D k — e model to validate the assumption of local equilibrium between production
and dissipation rates of turbulent kinetic energy (Equation 2). The model includes the effects of wind (ex-
cluding surface waves), river flow and vertical heat transport on turbulence throughout the water column.
In general, results from the k — ¢ model showed good agreement with observed dissipation rates at 0.4 m
water depth (o = 0.5, p < 0.05, Figure S12 in Supporting Information S1). However, there was a systematic
difference at lower dissipation rates, for which the k — € model underestimated the dissipation rates by up
to a factor of 5-10 on average. On average, the model slightly underestimated the dissipation rate at 0.4 m
water depth by 10% (Figure S12b in Supporting Information S1). The results of the model revealed that
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Figure 10. (a) Critical wind speed, above which near-surface turbulence is dominated by wind forcing (Equation 17
with the drag coefficient estimated for the depth of 0.4 m C,, = 0.0015) versus mean flow velocity for water depths

H of 4.2 m (black line), 1 m (blue line), 100 m (red line). The depth at which wind- and bottom-generated dissipation
rates are compared is 0.4 m (ADV sampling depth). (b) Vertical distribution of mean critical wind speed (black line)
calculated for the mean flow velocity observed at 1 m above the bed. The drag coefficient corresponded to 1 m above
the bed C, = 0.002. The gray area encompasses the range of measured mean flow velocities (plus/minus one standard
deviation). The black circle marks the depth of 0.4 m for which the critical wind speed in panel (a) was estimated. The
uppermost depth corresponds to the lower edge of the viscous sublayer (equal to the mean Kolmogorov microscale of
1 mm).

TKE production was balanced by dissipation during most of the observational period. Only for 13% and 2%
of the total data (1,463 and 166 10-min periods), turbulent transport of TKE (terms [2, 3] in Equation 1),
and TKE tendency (term [1]) were larger than the sum of the production terms (terms [6,7]), respectively
(Figure 11a). Disregarding data from time periods when the model predicted significant contributions of
TKE transport or unsteadiness did not improve the agreement between dissipation rates obtained from
measurements and from bulk forcing variables (Figure 11b). The mean value of the transport terms was
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Figure 11. (a) Sum of production rates turbulent kinetic energy (TKE) by mean shear (S) and buoyancy flux (B) vs. TKE dissipation rates (Equation 1)
simulated by the k — e model. Gray dots (11,495 data points) show cases for which local TKE production rates was the dominant source of dissipated energy.
Red and blue dots represent the cases when turbulent transport of TKE (1,463 data points) or TKE tendency (166 data points) exceeded the sum of the two

production terms. (b) Probability distributions of the ratio of predicted and observed dissipation rates e, ..

dissipation rates from bulk approaches (e, pv red bars show the same ratio but without the data for which TKE production and dissipation were
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)and e,
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not in balance (marked by blue or red color in [a]). The respective number of data points (n, also in [a]) and the mean value (u) of the ratio are shown the

legend.
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equal to 4.3 - 107 [W kg™'], which was smaller than most of our measured dissipation rates (e, was less
than this value only in 1% of the total number of measurements). These findings validate the assumption of
a local equilibrium between TKE production and dissipation, which we made for inertial subrange fitting
and bulk approaches.

Surface water temperature was slightly underestimated by the k — e model, with a mean difference between
modeled and observed temperature of —0.8°C (Figure S13 in Supporting Information S1). The inaccuracies
in prediction of dissipation rate occurred when the water was stratified (Figure S12a in Supporting Infor-
mation S1). The modeled flow velocity profile (Figure S14 in Supporting Information S1) was characterized
by the patterns of flow regulation similar to what was observed.

4. Discussion
4.1. Magnitude, Drivers and Dynamics of Near-Surface Turbulence

Our measurements are the first to identify the dominant forcing mechanisms of near-surface turbulence in a
large regulated river and their dynamics from minutes to seasonal time scales. Bed friction of gravity-driven
flow and wind shear were nearly equally important forcing mechanisms and made dominant contributions
to near-surface energy dissipation during 40% and 44% of the observational period, respectively. Convective
cooling dominated energy dissipation rates only during 15% of the time. The temporal dynamics resulted
from diel variability in wind speed, buoyancy flux and flow velocity. The latter was strongly affected by flow
regulation. The nocturnal reduction of flow velocity due to demand-following hydropower production was
frequently associated with a transition from the dominance of bottom-generated turbulence to atmospheric
forcing and a change of the water body from a lotic to a more lentic-like system.

With a Strahler stream order of 5 and a width of approximately 100 m at the study site, the River Kitin-
en belongs to the class of moderately sized rivers (orders 5-9), which contribute the largest surface area
globally, with less area covered by lower and higher order streams (Downing et al., 2012). Despite their
widespread distribution, turbulence measurements in such rivers are rare. In the River Kitinen, dissipation
rates of turbulent kinetic energy varied over five orders of magnitude 1071° and 10~ W kg~! during the ice-
free season, with a log-averaged mean value of 4.2 - 10~7 W kg~!. This range is comparable to dissipation
rates reported from shorter-term observations in a river of similar size in Germany (Lorke et al., 2012). In
low-order streams, dissipation rates can be up to four orders of magnitude higher (Kokic et al., 2018), simil-
iar to tidal estuaries where dissipation estimates rates range from 10~°-10-* W kg~! (Chickadel et al., 2011;
Zappa et al., 2007). The comparably low dissipation rates in the River Kitinen were similar in magnitude
to dissipation rates observed in the near-surface layer of lakes, where they typically vary between 10~° and
10~ W kg! (Tedford et al., 2014; Wiiest & Lorke, 2003).

Our study also showed that the contribution of surface waves to dissipation rates was insignificant, probably
due to the small amplitude of the observed waves. Wind direction relative to the flow influenced dissipation
rates only up to 10%, which is within the error of the measurements. Weak thermal stratification caused a
slight suppression of turbulence. This result is in contrast to observations in a strongly stratified estuary,
where wind was identified as the primary driver of near-surface turbulence. In these studies, turbulence
from bed friction was attenuated by vertical density stratification caused by seawater intrusions (Orton,
McGillis, & Zappa, 2010; Orton, Zappa, & McGillis, 2010).

4.2. Scaling and Modeling Near-Surface Turbulence

When atmospheric forcing dominated, near-surface dissipation rates followed a similarity scaling, as it been
found in lakes and oceans (Lombardo & Gregg, 1989; Tedford et al., 2014) and could be well predicted from
bulk parameters, including wind speed and surface buoyancy flux. Similarly, bottom-generated turbulence
followed boundary-layer scaling and its vertical distribution could be well predicted from mean flow ve-
locity after adjusting the bed roughness coefficient. Surprisingly, our observations showed that the vertical
decline of bottom-generated turbulence was better described by the law-of-the-wall scaling, which is based
on the assumption of a constant shear stress. This finding was in contrast to studies (Nezu, 1977; Nikora &
Smart, 1996) in which empirical and theoretical approaches in open-channel flows are commonly applied.

GUSEVA ET AL.

20 of 27



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2020WR027939

The latter approaches have been found to agree well with vertical profiles of dissipation rates measured
in smaller rivers (Sukhodolov et al., 1998) and in laboratory flumes (Johnson & Cowen, 2017; Nezu &
Rodi, 1986). By combining both approaches for atmospheric and bottom-generated turbulence, we obtained
a good prediction of near-surface dissipation rates as a function of bulk atmospheric forcing and mean flow
velocity (Figure 9). Although the scatter of individual (10-min based) dissipation rates is large, bin-averaged
data revealed an unbiased agreement between prediction and observation.

To assess the relative importance of bottom- and wind generated turbulence in rivers of arbitrary depth,
we defined a critical wind speed, derived with the assumption that at some depth the surface boundary-in-
duced turbulence is equal to the bottom boundary-induced turbulence. We combined both boundary-layer
scaling approaches and derived an expression for the critical wind speed as a function of mean flow velocity
and water depth (Equation 17). For wind speeds exceeding this critical value, near-surface turbulence is
expected to be controlled by wind, in contrast to the predominance of bed friction for wind speed below the
the critical value.

In addition to bulk forcing and water depth, the relative importance of wind and bottom-generated tur-
bulence depends strongly on the distance from the surface at which turbulence is observed. Particularly,
wind-generated turbulence declines below the water surface and dissipation rates are expected to be highest
at the base of the viscous sublayer at the water surface (Lorke & Peeters, 2006). As in most field observations
of near-surface turbulence, the distance below the water surface at which turbulence was observed (0.4 m)
was limited by the physical dimension of the velocimeter. Spatially resolving measurements of turbulence
in the wind-mixed surface layer of a lake using particle image velocimetry, confirmed the existence of a
power-law decline of dissipation rates, even within the uppermost centimeter of the water column (Wang
et al., 2013). The relative importance of wind or flow generated turbulence can be estimated as a function
of distance from the water surface using law-of-the-wall scaling (Equation 17).

A 1D k — & model for rivers has been applied to quantify the turbulence throughout the water column.
Despite the higher numerical complexity and more comprehensive physics compared to bulk approaches,
the k — £ model results did not demonstrate substantial improvement in simulating subsurface dissipation
rates compared to the similarity-based estimates. The model results were comparable to surface similarity
scaling when the atmospheric forcing was dominant, because the top boundary condition used in he model
is of the same type as that used in the scaling. When the turbulence was dominated by bed friction, the k — ¢
model slightly underestimated the dissipation rates. This result should be interpreted with caution, since
the dissipation rate measurements contain significant uncertainties themselves (discussed below). The dis-
crepancies may also result from the well-known knowledge gaps in the construction of optimal two-pa-
rameter (e.g., k — ¢) turbulence closures, namely, specification of stability functions and non-dimensional
constants (Mortikov et al., 2019), setup of the surface boundary conditions (Burchard, 2002), and inclusion
of TKE production by wave-induced motions (Ghantous & Babanin, 2014), to mention a few. This study also
indicates, that model improvements will need to address the overestimation of solar heating below the wa-
ter column top (and corresponding diminishing of turbulence) under low wind and flow speed conditions.

4.3. Uncertainties in Dissipation Rate Estimates

The unique longer-term observations of near-surface TKE dissipation rates were obtained by invoking a
number of rigorous assumptions and simplifications. The most complete data set was obtained from the
ADV observations at a fixed depth of 0.4 m below the water surface. While we aimed at estimating dissi-
pation rates in close proximity to the water surface, the sampling depth of the ADV was limited by deploy-
ment considerations, which ensured that the transducer head remained submerged below the water surface
also in the presence of wind-generated waves. The ADCP measurements provided support for choosing a
relationship describing the vertical profile of turbulence generated by bed friction, although the sampling
volume of the ADCP was three orders of magnitude larger than that of the ADV. This limitation, an addition
to the undetermined isotropy constant for the radial along-beam velocities (Lorke & Wiiest, 2005), made the
ADCP measurements less favorable for estimating dissipation rates near the water surface.

Dissipation rates were estimated from measured flow velocities and bulk scaling approaches by assuming
a simplified balance of turbulent kinetic energy, in which production and dissipation are in equilibrium.
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In studies of bottom-generated turbulence in rivers with high flow speeds this assumption is challenged
by theoretical considerations (Nezu & Nakagawa, 1993) and by observations (Scully et al., 2011; Talke
et al., 2013). In these cases, energy dissipation rates near the water surface exceeded local production rates
and were balanced by upward transport of TKE from the near-bed region. We tested whether such vertical
transport would occur for the flow conditions in the Kitinen River using the k — € model. Results indicated
that TKE transport and unsteadiness of the TKE balance (TKE tendency) were small compared to TKE
production near the surface by shear and buoyancy flux and the near-equal dissipation rates. This finding
was true for 85% of the observational period. Disregarding observations from the brief periods when the
simulations showed significant contributions from turbulent transport and TKE tendency did not improve
the predictions based on bulk approaches (Figure 11).

Our results differ from those in the more energetic tidal rivers. In these, dissipation rates were about two
order of magnitude higher than in the Kitinen River and vertical TKE flux divergence was observed (Scully
et al., 2011; Talke et al., 2013). At these energetic sites, coherent flow structures enhanced TKE transport
from the river bed to the surface (Talke et al., 2013). Such coherent structures, or boils, consist of localized
upwelling motions which constantly disrupt the water surface. While these structures cannot be resolved by
the one-dimensional k — ¢ model, energetic boils were not observed visually in our velocity measurements.
TKE divergence due to larger-scale vertical motions would not affect the presence of an inertial subrange in
spectra of near-surface velocity fluctuations (Flores et al., 2017; Scully et al., 2011; Talke et al., 2013). How-
ever, bulk scaling approaches relying on the law-of-the-wall would not apply (Equations 10 and 12), which
is in contrary to our observations.

The validity of our estimates of dissipation rates also requires that the turbulence be isotropic over the range
in which we did our calculation. In energetic river flows, anisotropy has been found near the water surface
where vertical velocity fluctuations can be suppressed. However, both observations (Talke et al., 2013) and
direct numerical simulations (Flores et al., 2017) show that an inertial subrange, exists for the horizontal
velocity components near the free water surface. Within an integral length (corresponding to the distance
from the boundary), the flow has adjusted to isotropic turbulence and dissipation rates can be obtained
from vertical velocity fluctuations using the inertial dissipation method. We validated that the flow was
isotropic based on comparisons of dissipation rates of the three components of velocity when the noise in
the horizontal velocities was low enough for the measurement to be conducted (Figure S3 in Supporting In-
formation S1). By bounding the lower limit of the wave number range that we used for inertial subrange
fitting by that corresponding to the ADV sampling depth (0.4 m), we excluded the larger anisotropic scales.
The vertical velocity component was used in analysis due to its lower noise.

Estimates of dissipation rates using the inertial dissipation method have been found to be in good agree-
ment with those obtained from other estimation techniques (e.g., the structure function method McMillan
& Hay, 2017, temperature microstructure measurements Lorke & Wiiest, 2005 and direct dissipation esti-
mates from particle image velocimetry Wang et al., 2013), over a wide range of boundary-layer flows. The
cumulative uncertainties in the measurement related to dissipation rates has been estimated to be within
a factor of two (Moum et al., 1995). Bin-averaged dissipation rates predicted using bulk scaling approaches
generally agreed with the measurements within a factor of two (e.g., Figures 6b, 7a and 9a). For further
understanding of processes affecting near-surface dissipation rate in regulated rivers, future studies should
include measurements to resolve additional components of the TKE budget (such as in Talke et al., 2013),
and explore the application of optical remote sensing of surface flow structures for improved identification
of coherent structures (Branch et al., 2021).

4.4. Implications for Gas Exchange in Regulated Rivers

Near-surface turbulence constitutes the primary control on the gas transfer velocity (k,) at the air-water
interface (Maclntyre et al., 2010; Zappa et al., 2007). kg is related to the dissipation rate of turbulent ki-
netic energy as k, = c;(ev)"/*Sc~'/2, where Sc is a Schmidt number, ¢, is a scaling parameter (Lamont &
Scott, 1970). The mean observed dissipation rate of 4.2 - 10~ W kg~! corresponds to the normalized value
of k,,, (i.e., for Sc = 600) of 1.5 m d~* (using ¢, = 0.5 MaclIntyre et al., 2010). This gas transfer velocity is
approximately 4 times lower than what has been used for a river with Strahler order of 5 in a global analysis
of inland water CO, emissions (Raymond et al., 2013). Moreover, the range of variability of dissipation rates
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spanned four orders of magnitude, which corresponds to temporal variations in kg of one order of magni-
tude (0.3-4 m d—1), with most of the variability occurring at a diel time scale. As dissolved gas concentra-
tions also often show diel variations in response to light and temperature, the diel variability of gas fluxes to
the atmosphere can be amplified or attenuated, depending on the superposition of both cycles. To the best
of our knowledge, direct measurements of gas fluxes from rivers using floating chamber or tracer methods
have been conducted during daytime, which can potentially result in a significant bias if these fluxes are
assumed to present daily or longer-term mean values in larger-scale estimates. To date, temporal variability
of the gas transfer velocity has not been resolved in larger-scale models of riverine CO, emissions, where
the gas transfer velocity is typically considered as constant for a stream segment or reach (Magin et al., 2017;
Raymond et al., 2013; Lauerwald et al., 2015). Future field observations and modeling efforts are required to
analyze the extent to which diel variability may affect longer-term emission rates.

Alin et al., (2011) suggested a conceptual scheme for the transition of the physical control of gas transfer
velocities and fluxes in river systems from the dominance of wind control in estuaries and large rivers to-
ward increasing importance of water current velocity and depth at progressively lower stream orders. Our
findings confirm this scheme, with the Kitinen River being located in the transition zone, where wind and
water currents are of nearly equal importance. Moreover, we provide a quantitative evaluation of this con-
cept, by combining scaling relations for energy dissipation rates generated by wind and water currents as a
function of river depth. Our concept of a critical wind speed can be used to separate the two physical forcing
regimes and to estimate near-surface dissipation rates and corresponding gas transfer velocities from mean
flow velocity or from wind speed.

The temporal dynamics of the near-surface turbulence were strongly affected by flow regulation. De-
mand-following hydropower generation resulted in diel changes of flow velocity from 0.2-0.3 m s~ during
daytime to some mm s™! at night, changing the physical characteristics of the river from lotic to lentic. As
the majority of river systems are affected by flow regulation (Grill et al., 2019), this situation can probably
considered as typical. Flow regulation has been shown to decrease flow variability at seasonal scales by
homogenization of river discharge (Poff et al., 2007; Long et al., 2019). The effect of flow regulation on
shorter, including diel time scales has received comparably less attention. In the regulated river Saar in
central Europe, diel variations in flow velocity have been shown to modulate the oxygen flux into the river
bed by a factor of two (Lorke et al., 2012). The availability of oxygen in river sediment can be expected to
affect mineralization rates and the production of greenhouse gases. Therefore, flow regulation not only
modulates near-surface turbulence and, therewith the temporal dynamics of gas fluxes, it may additionally
affect the total amount of greenhouse gases emitted from rivers. Despite its global relevance, this potential
implication has not been explored and should be addressed in future studies. Such studies can be based on
the scaling approaches or on the 1D k — € model, which can be combined with biogeochemical models for
water and sediment as has also been done for lakes at regional scales (e.g., Sabrekov et al., 2017). These mod-
els can be used to explore and to optimize management strategies for flow regulation, that can potentially
mitigate adverse effects of river damming on greenhouse gas emissions.

5. Conclusion

Our study provides the first continuous turbulence measurements in a large regulated river. We found near-
ly equal contributions from atmospheric forcing and bottom-generated turbulence to near-surface dissipa-
tion rates with wind being the dominant driver for wind speeds exceeding 3 ms™!, and bottom-generated
shear when flow speeds exceeded 0.09-0.1 ms~!. After validation of individual scaling approaches, we de-
veloped a scaling approach to quantify the dominant forcing mechanism (wind or flow) using a critical
value of the wind speed, which depends on mean flow velocity and flow depth. As flow regulation proved
to be important for the temporal dynamics of the near-surface turbulence, future studies should address
the implications of daily and sub-daily flow variations on both the temporal dynamics of fluxes and bioge-
ochemical cycling in such rivers.
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Appendix A: Wave-Breaking Scaling

Based on measurements in large lakes and in the coastal ocean, Terray et al. (1996); Feddersen et al. (2007)
proposed the following scaling for near-surface dissipation rates under breaking surface waves in deep
water:

waveHsin "
S —ﬂ( 2 ) (A1)

(Z(M*SW)3 Hsign

where z is the distance from the water surface, Hg,, is the significant wave height, o ~ cp/ U.g, (where c,
is the wave phase speed) is a coefficient which has been found in (Feddersen et al., 2007) equal to 250 for
the coastal ocean, 8 = 0.3 and m = —2 are the constants. However, measurements conducted by (Wang
et al., 2013, 2015) in a large lake suggested scaling constants of 8 = 0.04, m = —0.73 within the top layer of

water column.

We obtained « and m using a linear regression model for filtered data with wind speed exceeding 1 m s7!
and wind directions along the river (see Figure S9a in Supporting Information S1). The friction velocity u,g,
was calculated from from mean wind speed. We found a = 54 and m = —0.9 which were close to the result in
(Wang et al., 2013, 2015). With these values we estimated the dissipation rate including the effect of waves
using Equation A2:

ewave
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