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Abstract
Flux measurements at Lake Erken
Christopher Greenland

Turbulent fluxes govern the exchange of momentum, heat and moisture between the Earth’s surface
and the overlying air. Computations of these fluxes are crucial, particularly over lakes and seas because
most of the earth’s surface consists of water. One of the most common methods of calculating turbu-
lent fluxes is the bulk method, where the fluxes are expressed with exchange coefficients. With more
knowledge of these coefficients, the fluxes can be determined with a higher accuracy. Consequently,
the turbulence structure and the exchange of moisture, momentum and heat between the surface and the
overlying air can be better understood. The goal of this study was to compute the neutral exchange co-
efficients for drag (CDN ), heat (CHN ) and moisture (CEN ) and investigate their dependency on various
atmospheric conditions, based on four years of measurements from Lake Erken, located about 70 km
east of Uppsala. The coefficients were evaluated against the wind speed, stratification and time over
water TOW (the time that the air is above the water before it reaches the tower). A special analysis
was done by studying the variation of the coefficients with the wind speed during the UVCN-regime.
Another analysis was done to see if the coefficients may have been influenced by non-local processes,
e.g. advection from the surroundings. Additionally, normalized standard deviations for the temperature
and humidity were evaluated for different stabilities. The results were compared with estimations by the
COARE3.0 algorithm (for the dependency on the wind speed and the stability) in a previous report and
other earlier studies.

The results indicated that the neutral exchange coefficients were higher and more dispersed during
near neutral stratification and low TOWs. The normalized standard deviations also increased during
neutral conditions. The explanation for this could be related to the presence of the UVCN-regime or
non-local effects such as advection or entrainment from the surroundings. The wind speed had no ob-
vious impact on the coefficients. However, the drag coefficient was larger and more spread out in the
wind speed range 1-3 m/s. In comparison to earlier studies, the exchange coefficients were higher and
scattered to a greater extent. This may be because of a strong UVCN-regime, sustainable non-local
influences, relatively steeper waves than open-sea conditions or outliers in the data.
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Populärvetenskaplig sammanfattning
Flödesmätningar vid sjön Erken
Christopher Greenland

Det atmosfäriska gränsskiktet är det skikt av atmosfären som är i direkt kontakt med marken. Gränsskik-
tets höjd kan variera mellan några hundratals meter och någon kilometer. I gränsskiktet sker utbyte av
värme, vattenånga och rörelsemängd mellan mark - eller vattenytan och den ovanliggande luften i form
av turbulenta flöden. Dessa flöden skapas av oregelbundna fluktuationer som i sin tur bildas genom vin-
dskjuvning där luften bromsas ner av marken eller konvektion där marken värms upp som sedan värmer
upp luften som därefter stiger. Beräkningar av turbulenta flöden är viktigt, framför allt över sjöar och hav,
eftersom det mesta av jordens yta täcks av vatten. En av de vanligaste sätten att beräkna turbulenta flöden
är att använda bulkmetoden, där flödena relateras till utbyteskoefficienter. CD är utbyteskoefficienten
för rörelsemängd som är lika med förhållandet mellan flödet och vindhastigheten. Utbyteskoefficienten
för fuktighet CE kännetecknar förhållandet mellan flödet och vindhastigheten och skillnaden i fuktighet
mellan ytan och luften. CH är utbyteskoefficienten för värme som anger relationen mellan värmeflödet
och vindhastigheten samt temperaturskillnaden mellan ytan och luften.

Utbyteskoefficienterna beror på hur jämn ytan är, höjden där vinden mäts och stabilitet som beskriver
luftens temperaturtillstånd. Stabilitet kallas även för temperaturskiktning. Neutral skiktning innebär
att temperaturen avtar med 1◦C per 100 meter, vilket leder till att vertikala luftrörelser inte påverkas.
Instabila förhållanden betyder att temperaturen avtar med höjden med mer än 1◦C per 100 meter vilket
möjliggör stora vertikala luftrörelser. Om luften är stabilt skiktad avtar temperaturen med höjden med
mindre än 1◦C per 100 meter vilket dämpar luftrörelserna. Vanligtvis tas stabilitetsberoendet bort för
att kunna jämföra koefficienter från olika studier. Då erhålls de neutrala koefficienterna CDN , CEN
och CHN där N betecknar neutral. Med mer kunskap om dessa koefficienter kan flödena uppskattas
med högre noggrannhet. Detta kan ge ökad förståelse för turbulens strukturen och utbytet av fuktighet,
rörelsemängd och värme mellan ytan och luften ovanför.

Målet med den här studien var att undersöka hur de neutrala utbyteskoefficienterna CDN , CHN och
CEN beror på atmosfäriska förhållanden, baserat på fyra års mätningar av turbulenta flöden och andra
meteorologiska parametrar av en mast vid sjön Erken, som ligger 70 km öster om Uppsala. Mätningarna
av de turbulenta flödena gjordes med eddy-kovarians metoden, som går ut på att beräkna produkten av
turbulenta fluktuationer för två olika parametrar,exempelvis den vertikala vindhastigheten och temper-
aturen. Koefficienterna utvärderades som funktioner av vindhastighet, stabilitet och TOW ("time over
water" på engelska, som beskriver tiden som luften har varit över vattnet innan den når masten). En
särskild analys av koefficienterna gjordes för svagt instabil skiktning för att se om koefficienternas be-
teende under dessa förhållanden kan bero på en särskild turbulensregim som kallas UVCN (Unstable
Very Close to Neutral)-regimen. Ytterligare en analys gjordes för att ta reda på om koefficienterna kan
ha påverkats av icke-lokala processer, t.ex. advektion (horisontell transport av luft från omgivningen).
Även normaliserade standardavvikelser för temperatur och fuktighet analyserades för olika stabiliteter.
Beräkningarna jämfördes med den atmosfäriska algoritmen COARE (Coupled Ocean-Atmosphere Re-
sponse Experiment) 3.0 och andra tidigare studier.

Resultaten från studien visade att utbyteskoefficienterna var högre och mer utspridda när neutral skik-
tning ägde rum och när värdena för TOW var låga. Anledningen till detta kan vara att UVCN-regimen
och icke-lokala processer påverkade flödena såsom advektion från omgivningen. Spridningen av koef-
ficienterna kan sammankopplas till höga varianser som uppmättes av masten då neutrala förhållanden
dominerade. Vidare var utbyteskoefficienterna i stor utsträckning opåverkade av vinden. Dock var
CDN högre under låga vindhastigheter. Jämfört med de flesta tidigare studier var utbyteskoefficienterna
högre och spridningen var betydligt större. Möjliga förklaringar till detta skulle kunna vara att UVCN-



regimen och icke-lokala processer var starka och varade under lång tid. Relativt branta vågor kan även
ha förekommit som ökade interaktionen mellan vattnet och luften. Slutligen kan de höga värdena bero
på att orealistiskt höga värden förekom i datan.

Nyckelord: Turbulens, flöde, utbyteskoefficienter, UVCN-regimen, COARE3.0 algoritmen, varians
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1 Introduction

The troposphere is the portion of the atmosphere where nearly all weather occurs. It contains
80% of the mass of the atmosphere and extends on average up to 10-15 km above the surface
(Shonk, 2013). The part of the troposphere that is in contact with the Earth’s surface is called
the atmospheric boundary layer (ABL), also known as the boundary layer (BL) or planetary
boundary layer (PBL) (Markowski and Richardson, 2010). Compared to the rest of the atmo-
sphere, the boundary layer responds quickly (typically in an hour or less) to surface forcings
such as heating, evaporation and frictional drag. Thus, the main transport of physical quantities
in the BL occurs through turbulence. In the lowest 10 % of the BL, the surface layer, the turbu-
lent fluxes vary by less than 10 % in magnitude with height (Stull, 1988) and can for this reason
be assumed to be constant with respect to height. The effects of turbulence can most of the time
be ignored in the free atmosphere which lies above the ABL. In the boundary layer however,
estimations of turbulence must be accounted for in order to provide realistic descriptions of the
evolution of temperature, humidity and wind (Markowski & Richardson, 2010).

Computing turbulent fluxes is not only vital over land surfaces but also over lakes and seas
since more than two thirds of the Earth’s surface is covered by water. Hence, water bodies
play a huge part in the exchange of heat, humidity and momentum with the atmosphere (Arya,
2001). Because water has different surface properties than land, seas and lakes can impact the
energy balance in the surroundings and influence the local climate (Blanken et al., 2003). Over
the years, more studies have therefore been made about heat, moisture and momentum transfer
over lakes and seas to get a better insight into the air-water interaction.

Because turbulent motions occur on relatively smaller temporal and spatial scales, they can
not be properly resolved by the current climate and weather forecast models. Otherwise, the
computational cost would be incredibly high. A solution to this issue is to parameterize the
fluxes with the help of Monin Obukhov similarity theory. The parameterizations of the fluxes
are made by using bulk formulas which contain variables that are easier to obtain and a dimen-
sionless exchange coefficient. The exchange coefficient for latent heat is denoted CE and is
called the Dalton number while the coefficient for sensible heat is named the Stanton number
and is represented by CH . The drag coefficient is indicated by CD. To compare exchange
coefficients from different studies, the effects due to stability have to be eliminated. This is
accomplished by reducing the coefficients to their neutral parts, CEN , CHN and CDN . This
method of calculating turbulent fluxes is called the bulk transfer method (Arya, 2001).

Monin Obukhov theory also states that the fluxes may be determined with the help of mea-
surements of the variances or standard deviations of certain parameters along with similarity
relations for turbulence structure. This method is called the variance method. These similarity
relations are suitable for many different surfaces and stabilities. Further, Monin Obukhov the-
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ory theorizes that the normalized standard deviations are unique functions of the stratification
(Arya, 2001).

In some previous studies, the lake fluxes have been computed by calculating the exchange
coefficients with the bulk transfer method and using direct measurements. Projects have also
been made about the ability to estimate fluxes with the variance method. By understanding how
the coefficients and the variance flux relations behave under different atmospheric conditions,
the fluxes can be more accurately estimated and the turbulence structure in the low parts of
the atmosphere can be better understood. Examples of studies that have analyzed the transfer
coefficients include Heikinheimo et al. (1999), Nordbo et al. (2011), Liu et al. (2009), Blanken
et al. (2003) and Xiao et al. (2013). The variance flux relations have been studied by for
instance Weaver (1990) and Sahlée et al. (2014).

When slightly unstable and near neutral conditions take place, the coefficients have in earlier
projects been shown to increase, resulting in higher fluxes. Notable studies that have observed
this are Smedman et al. (2007a,b) and Sahlée et al. (2008a,b). According to these reports, the
reason has to do with a turbulence regime that is active when the stability is near neutral; the
UVCN (Unstable Very Close to Neutral)-regime.

In this study, a dataset containing micrometeorological measurements from the autumn of
2014 to the winter 2018/2019 is analyzed. The data comes from a measurement tower installed
on an island in Lake Erken, located in eastern Uppland. The objective of this project is to
study heat transfer, evaporation and momentum transport by evaluating the neutral exchange
coefficients for heat, humidity and drag and how they vary during various atmospheric condi-
tions. The emphasis will be on how the coefficients behave depending on the wind speed and
stability. A relatively new study by Esters et al. (2020) found that non-local effects also may
impact the turbulent fluxes measured by the Eddy-Covariance method. Therefore, we utilize
the same approach to find out possible non-local impacts on the Erken heat and momentum
fluxes and consequently the exchange coefficients. Further, the coefficients will be analyzed
when conditions are slightly unstable to see if the UVCN-regime is occurring and influencing
the coefficients. The dependence of the coefficients on the time that the air takes to be trans-
ported across the lake (time over water) is also investigated. Finally, variance flux relations
for temperature and humidity are examined as well as their dependence on stratification. The
results are compared with computations made by the Coupled Ocean-Atmosphere Response
Experiment (COARE) 3.0 algorithm in Sahlée et al. (2014) and other studies.
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2 Background

2.1 Atmospheric Turbulence

Turbulence can be visualized as irregular quasi-random motions of air flow that result in chaotic
changes in flow velocity, moisture and temperature. These swirls of motion are also known
as eddies. Generally, it is the superposition of many eddies of different sizes that forms the
turbulence that occurs in the mean flow. The sizes of the eddies define a characteristic length
scale. The largest eddies scale to the boundary layer depth, ranging from 100 to 3000 m while
the smallest are on the scale of millimeters in size (Stull, 1988).

Turbulent flow is commonly generated thermally by intense solar heating from the ground
which causes warmer air to rise, or mechanically by frictional drag which produces wind shear;
the change of wind speed and direction with height. The most intense and largest eddies are
created by the forcings described above and are more dominant in the boundary layer compared
to the smaller eddies which typically exist in the form of diffusion due to molecular friction
(Stull, 1988). The eddies themselves allow the boundary layer to respond to changing surface
forcings and transfer momentum, temperature and humidity to the air above. By governing
the exchange of moisture, momentum and heat with the surface, the turbulence maintains the
surface energy balance and the momentum balance (Holton & Hakim, 2012).

A measured variable in a turbulent fluid can be split into a slowly varying mean part and a
rapidly fluctuating part. The mean component is denoted by an overbar and the turbulent part
is indicated by a prime. If we consider two variables a and b and split each variable into a mean
and a fluctuating part, we obtain:

a = a+ a′

b = b+ b′

The average of the product of the variables a and b can with the rules of Reynolds averaging be
expressed as

ab = (a+ a′)(b+ b′) = ab+ ab′ + a′b+ a′b′ (1)

The product of a fluctuation with a mean vanishes when the average is applied according to the
laws of Reynolds averaging, that is

a′b = a′b = 0

ab′ = ab′ = 0
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This means that Eq. (1) can be rewritten as

ab = ab+ a′b′ (2)

Eq. (2) implies that the average of the product of two parameters equals the product of the mean
components of each variable plus the average of the product of the fluctuations (Markowski &
Richardson, 2010). If we set the variable a as the vertical velocity w and b as the potential
temperature θ and apply this to Eq. (2), we obtain

wθ = wθ + w′θ′ (3)

where the first part on the right hand side describes the transport due to the mean flow and
the second part corresponds to the vertical kinematic flux of potential temperature (Holton &
Hakim, 2012). If the air flow travels over a flat surface such as a water body, the vertical velocity
is often very small and can for this reason be neglected. This implies that wθ = w′θ′ and that
vertical turbulent fluxes can be estimated by recording the vertical velocity and for example the
temperature. The average product of two variables (for example w′ and θ′) is called covariance.
Thus, this method of determining the turbulent fluxes is called the eddy covariance method
(Sahlée, 2007).

2.1.1 Heat and momentum fluxes

Two important turbulent fluxes are the latent heat flux E and the sensible heat flux H . The
fluxes are defined as

E = LEραw′q′ (4)

H = cpραw′t′ (5)

where ρα is the density of the air in kg/m3, w′q′ is the turbulent kinematic flux of specific
humidity (m s−1 kg kg−1) and w′t′ is the turbulent kinematic heat flux (m s−1 K) (Markowski
& Richardson, 2010). cp is the specific heat capacity for dry air at constant pressure which is
equal to 1004 J kg−1 K−1 (Holton & Hakim, 2012). LE is the latent heat of vaporization and
may be written as

LE = (2.5− 0.00237 · T ) · 106

where T is the temperature in ◦C. The latent heat flux occurs as a result of evaporation or
condensation. Evaporation takes place over water surfaces and moist land surfaces when the
overlying air is drier while condensation forms on a colder surface typically in the form of fog
(Arya, 2001). The sign of w′q′ determines whether evaporation or condensation takes place; a
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positive value of w′q′ signifies evaporation and condensation occurs when w′q′ < 0. The latent
heat flux is therefore positive and directed upward during evaporation which cools the surface.
Likewise, a negative flux points downward when condensation takes place thus warming the
surface. The sensible heat flux occurs due to temperature differences between the surface and
the air above. When the surface is warmer than the air above, the sensible heat flux points
upward due to a positive w′t′. If the surface is cooler, w′t′ is negative which means that the
sensible heat flux is directed downward. Both the latent and sensible heat flux are usually
positive during daytime and negative at nighttime (Markowski & Richardson, 2010).

The turbulent momentum fluxes are responsible for the exchange of momentum between
the air and the surface. Momentum fluxes are commonly represented in terms of stress; the
amount of force due to friction per unit area. The stress τ has the units Nm−2, acts parallel to
the surface and is equal to

τ = ρa((u′w′)
2 + (v′w′)2)1/2 (6)

where ρa is the density of the air in kg/m3 and u′w′ and v′w′ are the kinematic momentum fluxes
along and across the direction of the mean wind respectively (Stull, 1988). The momentum
fluxes have the unit m2s−2 and a tendency to be negative. The reason for this is that the wind
speed normally increases with height. This means that rising air (which signifies positive values
of w′) transports lesser momentum upward from below which leads to negative perturbations
in the wind speed components u and v (u′ < 0 and v′ < 0). Consequently, the fluxes u′w′ and
v′w′ become negative. Likewise, when the air sinks (w′ < 0), u′ and v′ are positive because
higher momentum is transferred downward from above (Markowski & Richardson, 2010). Eq.
(6) can be rewritten as:

τ = ρau
2
∗ (7)

where u∗ is the friction velocity. If we divide Eq. (6) and Eq. (7) with ρa we obtain

((u′w′)2 + (v′w′)2)1/2 = u2∗ =⇒ ((u′w′)2 + (v′w′)2)1/4 = u∗ (8)

This implies that the kinematic momentum fluxes u′w′ and v′w′ can be estimated by calculating
the friction velocity (Stull, 1988).

2.1.2 Monin Obukhov similarity theory

The turbulent fluxes are not easy to accurately estimate in the boundary layer because the
physical processes that generate the fluxes can be too complex to resolve since they occur on
a smaller scale. Our knowledge of the physics might also be insufficient to understand these
processes. Similarity theories are therefore used to quantify turbulent variables in the surface
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layer. Similarity theories are empirical methods that are used to find universal relationships
between certain variables. This is done through dimensional analysis (Stull, 1988). A similarity
theory that is suitable for describing the properties of turbulent fluxes in the surface layer is
Monin Obukhov similarity theory (from now on referenced as MOST), named after the Russian
scientists Monin and Obukhov (Arya, 2001).

According to MOST, there are four parameters that define the characteristics of turbulence
in the surface layer. These parameters are: the height above the surface z, the kinematic heat
flux w′t′, the friction velocity u∗ which is related to the surface drag and the momentum fluxes
u′w′ and v′w′ (see Eqs. (6) and (7)) and the buoyancy parameter g/T0. T0 is the mean absolute
temperature of the layer and g is the acceleration due to gravity. The main assumptions that
are made in MOST are that the flow is horizontally homogeneous and quasistationary and the
turbulent fluxes are uniform with height. Additionally, the molecular exchanges are miniscule
compared to turbulent exchanges and rotational effects are negligible. One parameter with the
dimension of length can be formulated by the four independent variables in MOST:

L = − u3∗T0

gκw′t′
(9)

κ is the von Kármán constant, which is equal to 0.40. The lengthL is called the Monin Obukhov
length after its originator Obukhov who derived it in 1946 (Arya, 2001). The Monin Obukhov
length describes the relative contribution to the production of turbulence from shear and buoy-
ancy. Namely, it is proportional to the height where buoyancy dominants the generation of
turbulence compared to mechanical production (Stull, 1988). By dividing the height in the
surface layer where we want to determine the local stability (which we call z) with the Monin
Obukhov length L, we obtain:

z

L
= −zgκw

′t′

u3∗T0
(10)

z/L is called the stability parameter. The sign of the Monin Obukhov length and consequently
the sign of the stability parameter length depends on the value of the kinematic heat flux w′t′.
When stable stratification occurs, w′t′ < 0 which means that L is positive and that z/L > 0.
During unstable stratification, w′t′ > 0 which indicates that L is negative and hence z/L < 0.
For neutral conditions w′t′ approaches zero which implies that L extends towards positive or
negative infinity and z/L ≈ 0 (Arya, 2001).
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2.1.3 The UVCN-regime

During slightly unstable stratification, when the Monin Obukhov length L is a large negative
value, various studies have shown that the turbulence structure and heat transfer in the surface
layer do not agree with MOST. Examples of such reports include Smedman et al. (2007a,b)
and Sahlée et al. (2008a,b). Smedman et al. (2007b) found that when L < −150 m, the
turbulent exchange of heat and moisture was more efficient, resulting in enhanced heat fluxes.
This regime is called the unstable very close to neutral regime (from now on referenced as the
UVCN-regime) and occurs when the winds are moderately high and the air-sea temperature
difference is very small (Andersson et al., 2019). More precisely, Smedman et al. (2007b)
and Sahlée et al. (2008a) suggested that the wind speed has to be greater than 10 m/s and the
temperature difference between the surface and the air 10 m above has to be less than 2 K.

The increased heat fluxes observed in the UVCN-regime by Smedman et al. (2007a,b) were
suggested to be caused by cold air that entered the surface layer from above as downdrafts. A
study of the neutral boundary layer by Högström et al. (2002) explains that these downdrafts
are produced by detached eddies that form due to shear above the surface layer. When the
eddies move downward they experience blocking and elongating because of the strong shear
near the surface. As a result, the eddies are deformed and stretched out. The eddies obtain a
horizontal length which scales approximately to the height of the boundary layer. The vertical
length however extends to just 1/30 of the boundary layer height. The shear at the surface then
induces a replication of the eddies which makes them intensify, thereby giving rise to higher
fluxes. Moreover, observations in Smedman et al (2007a) showed that the UVCN-regime can
be found over land and water which indicates that the occurrence of the UVCN-regime does
not depend on the nature of the surface when the atmospheric conditions are ideal.

2.1.4 Variance flux relations

On the basis of MOST, the turbulent fluxes of momentum, heat and water vapor may be cal-
culated by measuring their variances. The fluxes can thereafter be estimated with similarity
relations. The variances are equal to the squares of the standard deviations. This method is
called the variance method. An advantage with this method is that variances can be measured
easier and with a greater accuracy than covariances (Arya, 2001). The standard deviation of a
scalar quantity X is written as σX and is the same as the square root of the variance of X . σX
may be represented as a function of the stability parameter z/L:

σX
X∗

= f(z/L) (11)
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where f is an empirical curve which differs from experiment to experiment. The scalar quantity
X∗ is defined as:

X∗ =
w′X ′

u∗
(12)

With Eqs. (11) and (12), the variance flux relationship for the temperature and humidity can
be formulated as σt/T∗ and σq/q∗ respectively where T∗ = w′t′/u∗ and q∗ = w′q′/u∗ (Weaver,
1990).

2.2 Bulk formulas

The fluxes that govern the exchange of momentum and heat between the surface and the overly-
ing air can on the basis of MOST be parameterized using bulk formulas. This method is widely
used for micrometeorological studies (Arya, 2001). The bulk formulas connect the fluxes with
more accessible parameters; measurements of temperature, wind and moisture that are avail-
able at one level and an exchange coefficient (Edson et al., 2013). The latent and sensible heat
flux can with bulk formulas be expressed as

E = LEρaCEU10(qw − q10) (13)

H = cpρaCHU10(θw − θ10) (14)

where U10 is the wind speed 10 m above the ground in m/s, θw and θ10 are the potential tem-
peratures at the surface and 10 meters height (K), qw and q10 are the specific humidities at the
surface and 10 meters height (kg kg−1) and CE and CH are the exchange coefficients for mois-
ture and heat respectively (Sahlée et al., 2008b). The specific humidity at the surface of the
lake qw, may be calculated with the following equation:

qw =
εesw

p− (1− ε)esw
(15)

The atmospheric pressure p is in hPa, ε ≈ 0.622 and esw is the saturation vapour pressure (also
in hPa) at the surface (Rogers & Yau, 1989). esw is estimated by Magnus’s exact formula:

ln(esw) = 55.281723− 6808.475

Tw
− 5.088336 · ln(Tw) (16)

Tw is the water temperature at the surface in K. The bulk formulation for the momentum flux,
or the surface drag, is described by the equation below,

τ = ρaCDU
2
10 (17)

where CD is the drag exchange coefficient (Arya, 2001). The expressions for the surface stress
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and the vertical kinematic fluxes of heat and moisture in Eqs. (13), (14) and (17) are equal to
the those in Eqs. (4), (5) and (7). That is:

E = LEραw′q′ = LEρaCEU10(qw − q10)

H = cpραw′t′ = cpρaCHU10(θw − θ10)

τ = ρau
2
∗ = ρaCDU

2
10

The equations above imply that the turbulent moisture and heat fluxes and the squared friction
velocity (which is related to the turbulent momentum flux) can be written as:

w′q′ = CEU10(qw − q10)

w′t′ = CHU10(θw − θ10)

u2∗ = CDU
2
10

This enables us to express the exchange coefficients CD, CE and CH as

CD =
u2∗
U2
10

=

(
u∗
U10

)2

(18a)

CE =
w′q′

U10(qw − q10)
(18b)

CH =
w′t′

U10(θw − θ10)
(18c)

CE and CH are also known as the Dalton number and the Stanton number respectively. All
three coefficients are dimensionless (Sahlée et al., 2014). The values of all three coefficients
typically range from 0.001 to 0.01. Higher coefficients result in larger fluxes and vice versa
(Markowski & Richardson, 2010). When the MOST is applied, the effects of atmospheric
stratification are usually removed from the exchange coefficients in order to make it easier to
compare with earlier studies and measurements. This is done by reducing the coefficients to
their neutral counterparts. According to MOST, the effects of stability are taken into account
by non-dimensional profile functions. Namely, these functions are universal functions of the
stability parameter z/L (Sahlée et al., 2008a). The non-dimensional profile functions for wind,
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humidity and temperature respectively are:

φm(z/L) =
∂u

∂z

κz

u∗
(19a)

φq(z/L) =
∂q

∂z

κz

q∗
(19b)

φh(z/L) =
∂θ

∂z

κz

T∗
(19c)

By integrating Eqs. (19a)-(19c), the surface-layer profiles for wind, humidity and temperature
are obtained between the surface (subscript 0) and any height above (subscript z):

Uz − U0 =
u∗
κ

[
ln(z/z0)− ψm

]
(20a)

q0 − qz =
q∗
κ

[
ln(z/z0q)− ψq

]
(20b)

θ0 − θz =
T∗
κ

[
ln(z/z0t)− ψh

]
(20c)

The parameters z0, z0q and z0t are the roughness lengths for wind, humidity and temperature
respectively. The integrated non-dimensional profile functions are given by ψx:

ψx =

∫ z/L

0

(1− φxζ)/ζdζ (21)

ζ = z/L and x = m,q or h. U0 is assumed to be equal to zero because the wind encounters
an increasing amount of friction near the surface. By inserting Eqs. (20a)-(20c) into Eqs.
(18a)-(18c) and rewriting T∗ and q∗ as w′t′/u∗ and w′q′/u∗ respectively, we obtain

CD =
κ2

(ln(z/z0)− ψm)2
(22a)

CE =

[
κ

ln(z/z0)− ψm

][
κ

ln(z/z0q)− ψq

]
(22b)

CH =

[
κ

ln(z/z0)− ψm

][
κ

ln(z/z0t)− ψh

]
(22c)
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For neutral conditions, φm = φq = φh ≈ 1 which means that ψm = ψq = ψh ≈ 0. Thus, the
neutral exchange coefficients CDN , CEN and CHN may be written as

CDN =
κ2

(ln(z/z0))2
(23a)

CEN =
κ2[

ln(z/z0)
][
ln(z/z0q)

] (23b)

CHN =
κ2[

ln(z/z0)
][
ln(z/z0t)

] (23c)

where N denotes neutral (Sahlée et al., 2008a). The profile functions φm, φq and φh have
different expressions during unstable and stable stratification. The forms of these functions are
determined through micrometeorological measurements. The wind profile functions φm have
the following forms during unstable and stable conditions respectively (Högström, 1996):

φm = (1− 19z/L)−1/4 (z/L) < 0 (24a)

φm = 1 + 5.3(z/L) (z/L) > 0 (24b)

The temperature profile functions φh during unstable and stable stratification are described by
the equations below (Högström, 1996):

φh = 0.95(1− 11.6z/L)−1/2 (z/L) < 0 (25a)

φh = 1 + 8(z/L) (z/L) > 0 (25b)

The humidity profile functions are assumed to be equal to the temperature profile functions;
φq = φh. This assumption was made by Högström (1996) and Sjöblom et al. (2020). For stable
stabilities up to z/L ≤ 10, the following expression may be implemented for φh according to
Lindgren, (2008):

φh = 1 + a1
z

L
+
(

1 + c1 − d1
z

L

) z
L

1

b1
e−d1

z
L (26)

where a1 = 0.7, b1 = 0.75, c1 = 5 and d1 = 0.35.

2.2.1 The COARE3.0 algorithm

Another way of calculating the exchange coefficients is to use surface renewal theory. This the-
ory characterizes physical processes that conduct the transfer of heat and momentum at the thin
layers in the atmosphere and ocean that are in contact with the surface; the interfacial sublayers.
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In these layers, the heat fluxes are governed by diffusive transport. Small eddies enter and leave
the air-sea interface. As en eddy comes in contact with the surface heat exchange occurs and
as soon as the eddy leaves the interfacial sublayer, it is replaced by another and the process is
repeated. The rate at which this pattern happens is called renewal rate, which explains why this
theory is called surface renewal theory (Sahlée, 2007).

An example of a model that is based on surface renewal theory is the COARE (Coupled-
Ocean-Atmosphere-Response-Experiment)-algorithm. Since COARE was published, it has
been used frequently by research groups and has featured in many studies on air-sea inter-
action. Although COARE is developed for open seas, it may even be applied for studies over
lakes. The essential parts of the COARE model are represented by the equations for the heat
and momentum fluxes, the exchange coefficients, the stability parameter and parameterizations
of the profile stability functions and the roughness lengths (Fairall et al., 2003). The original
COARE model (COARE 2.5) was presented by Fairall et al. (1996) and is based on the Liu-
Katsaros-Basinger (LKB)-model derived by Liu et al. (1979). The latest version is the COARE
3.0 algorithm which was developed by Fairall et al. (2003). Modifications of the COARE
algorithm have been made over the years in order to improve it. The adjustments were made
to improve the model’s dependence on the wind speed, make the model valid for wind speeds
higher than 10 m/s and to enable the model to be used in more global applications. An example
of an alteration that has been made for COARE 3.0 is the calculation of the roughness length.
In the previous versions of COARE, the roughness length has been estimated by Charnock’s
formula:

z0 =
αu2∗
g

+
0.11ν

u∗
(27)

where ν is the viscosity of the air and α is the Charnock parameter. In version 2.5 of COARE,
α was set as a constant value of 0.011 (Fairall et al., 2003). However, a study by Yelland &
Taylor. (1996) found that the Charnock parameter increased as the wind speed exceeded 10
m/s. For this reason, the Charnock parameter in version 3.0 was set to increase from 0.011 at
10 m/s to a value of 0.018 at 18 m/s. A parameterization was also derived for the roughness
lengths of temperature and humidity. Overall the new representations of the roughness lengths
in COARE 3.0 result in increased exchange coefficients with increasing wind speed (Fairall
et al., 2003). In version 2.5, the exchange coefficients tend to decrease with increasing wind
speed instead (Sahlée, 2007).

2.3 Non-local effects on the fluxes

The measured turbulent fluxes may not only be affected by local processes but by non-local
processes as well. Non-local effects on the fluxes during individual 30 min periods can be
found by checking the distribution of the specific humidity measured by the high-frequency
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sensors during that period. The asymmetry of the distribution is called skewness and is defined
as the third central moment of the data divided by the cube of the standard deviation of the
same data. Non-local effects on the fluxes dominate when the humidity has a negative skewness
since drier air enters the boundary layer from the free atmosphere or the land due to horizontal
advection. Likewise, a positive skewness means that local processes dominate the impact on
the fluxes and when the skewness equals or is very close to zero, local and non-local processes
affect the fluxes by approximately the same amount. Even if this method is able to identify
if non-local processes affect the fluxes, it is unable to distinguish between different types of
non-local influences. In other words, this method cannot tell whether non-local impacts occur
due to e.g. advection or entrainment (Esters et al., 2020).

3 Methodology

3.1 Information about the site

Lake Erken, where the measurements were performed, is located 70 km east of Uppsala (59.835
N, 18.633 E). The surface area of the lake is 24 km2, its mean depth is 9 m and the maximal
depth is 21 m. The long sides of Lake Erken are adjacent to mixed forests while the shorter sides
lie next to grasslands and agricultural fields (see Figure 1). An instrumented meteorological
tower, which is where the data in this study was collected, is installed on Malma Island, located
close to the south east shore of the lake. Further, a staffed biological laboratory is situated at
the south east shore (Esters et al., 2020). The depth of the lake is 14 m at this point and the
island itself is mainly comprised of vegetation and rocks. The water residence time (the time
that a water molecule spends in a reservoir) of the lake is 7 years. The shape of the lake spans
approximately from east to west. Because of its shape, the wind directions measured by the
tower that occur over the water span from 200◦ to 360◦ and from 0◦ up to 40◦. Measurements
from this site have been conducted by for example Savvakis (2019) and Esters et al. (2020).

3.2 Instrumentation

The meteorological tower recorded the wind speed and wind direction with a propeller anemome-
ter (Young Wind Monitor MI USA) at heights 2.5 m, 6.2 m and 8.6 m. The temperature was
measured at 1.9 m and 6 m by ventilated and radiation shielded thermocouples type-T. These
sensors, which also are known as slow response sensors, had a sampling frequency set to 1
Hz. In addition, the tower was mounted with sensors measuring the incoming and outgoing
shortwave and longwave radiation (CS300 Apogee, Silicon Pyranometer, Campbell Sci. Inc.,
OH, US), net radiation (CNR-4 Net Radiometer, Kipp & Zonen) and the relative humidity
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(Rotronic AG Basserdorf Switzerland) at 2 m height (Esters et al., 2020). The water tempera-
ture was observed at 1 m, 3 m and 15 m below the surface. Apart from recording meteorological
parameters, the tower was instrumented with two gas analyzers that measured carbon dioxide
and water vapor (Licor LI-7500) and methane (Licor LI-7700). The measurements from the LI-
7700 sensor were not used in this study. The instrumentation for the turbulence measurements
included a three dimensional sonic anemometer (Gill Instruments, Wind Master, Lymington,
UK) for the temperature and the three wind components. The turbulence sensors were posi-
tioned 4.1 m above the surface, the same height as the gas analyzers. All the data was averaged
over 30 minutes.

3.2.1 Turbulence data

The turbulent fluxes and the turbulent fluctuations were determined with the eddy covariance
method described in Section 2.1. The sampling frequency was set to 20 Hz for the instru-
ments measuring the turbulent fluctuations. The measured fluxes and variances were subject to
double rotation, which means that the wind vector was firstly rotated into the direction of the
mean wind every 30 minutes. A second rotation was then done around the horizontal axis to
correct the wind vector for tilt. By doing so, the average vertical wind speed was set to zero.
The time lag that occurred due to sensor separation between the LI-7500 gas analyzer and the
sonic anemometer was corrected. This was done by locating the maximum correlation between
the vertical velocity from the sonic anemometer and the signals from LI-7500. In turn, the
maximum correlation was found by calculating the correlation at every shift of the time series
(Sahlée et al., 2014).

3.3 Calculations and data selection

The data used in this study covered the time period 29 September 2014 to 1 January 2019. The
dataset included measurements by the slow sensors, turbulent measurements, and recordings
made by the staffed laboratory. Before the calculations began, parts of the relative humidity
data measured by the slow sensor were removed due to a problem with the sensor itself. The
discarded data for the relative humidity ranged from 2016-06-08 to 2017-03-04. These mea-
surements were replaced by recordings made by a neighbouring sensor located 15 m east of
the tower, operated by the Erken laboratory. Furthermore, periods when the lake was covered
by ice were excluded from the calculations. The Erken lab staff determined these time periods
manually by checking when the observed water temperature dropped to zero degrees. The ice
covered periods are shown in Table 1.
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Table 1. Periods when Lake Erken is covered by ice, based on manual observations by the Erken lab staff.

Year Start End
2015 2014-12-29 2015-02-21
2016 2016-01-05 2016-04-04
2017 2017-01-05 2017-04-01
2018 2018-01-10 2018-04-21

The computations were conducted using MATLAB. The neutral exchange coefficients were
estimated by Eqs. (23a)-(23c). The wind speed at 10 m height was determined from the
observed wind measurements at the tower and adjusted to 10 m using a stability corrected
logarithmic wind profile. The estimation of the time over water (from now on referenced as
TOW) was done by dividing the fetch with the wind speed 10 m above the surface. The fetch is
characterized as the distance from the shore to the meteorological tower in the upwind direction.
In other words, TOW represents the time that the air travelling across the lake spends over the
water before it reaches the sensor located at the tower. The fetch was determined with a function
developed by Esters et al. (2020). The normalized standard deviation for the temperature was
found by taking the square root of the measured variance and dividing the result with its scaling
parameter T∗ (see Eq. (12)). The variance flux ratio for water vapor however, was computed
by recalculating the water vapor flux w′q′ and the variance of the water vapor q′2. The scaling
parameter for water vapor q∗ could then be obtained by dividing w′q′ with u∗. w′q′ and q′2 were
recalculated with the following equations:

w′q′ =
w′ρ′v

1000 · ρa
(28)

q′2 =
ρ′2v

1000000 · ρ2a
(29)

w′ρ′v is the turbulent water vapor density flux in the vertical direction given in mmol/m3ms−1.
ρ′2v is the variance of the water vapor density. The fluctuating part ρ′v itself has the unit mmol/m3.
The air density ρa, with the unit mol/m3 was recalculated with the ideal gas law:

ρa =
100 · P
R · T2

(30)

P is the air pressure in hPa, T2 is the air temperature 6 m above the surface in K and R is the
universal gas constant which is equal to 8.3141 J K−1 mol−1.

When the coefficients and the variance flux ratios had been calculated, the data was filtered
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according to a number of criteria. The criteria were chosen by investigating when the instru-
ments at the measurement tower were working properly. This was done by checking if the
data contained unrealistic values. Whenever improbable and unreliable values occurred, they
were removed. For example, third and fourth order moments were checked for clear outliers.
Another criterion was that the wind speed at all measurement heights had to be larger than 1
m/s since measurements during very low wind speeds are not reliable due to low turbulence
levels. The analysis focused on a stability range between -4 and 4. Furthermore, only winds
that originated from the upwind direction and thereby travelled across the lake were included.
The reason for this was to exclude situations when the wind blew through the mast and thereby
disturbed the turbulence. The omitted wind directions range between 40◦ and 200◦ according
to Esters et al. (2020) and are indicated by the cyan coloured lines in Figure 1 which shows
a map of the lake found on Google Earth. The area where the excluded winds come from is
denoted by the grey shade. The cyan-coloured lines mark the wind directions 40◦ and 200◦.
The measurement tower is highlighted by the magenta-coloured circle.

Figure 1. A map of lake Erken and its surroundings from Google Earth. The measurement tower where all the
data was collected is marked by a magenta coloured circle. The cyan coloured lines distinguish the excluded wind
directions from the selected wind directions. The omitted winds are represented by the grey shaded area, which
corresponds to wind directions between 40◦ and 200◦.

The timelag due to sensor separation between the LI-7500 sensor and the sonic anemome-
ter was excluded for periods when it obtained unrealistically large values. Additionally, the
strength of the signal from the LI-7500 sensor (the AGC) had to be high enough and the record
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of all the 20 Hz measurements from the sonic anemometer and the LI-7500 sensor in one 30
minute period could not be too high. Outliers that were not removed by other criteria were
discarded by studying the neutral exchange coefficients in the range 0.001 to 0.01.

After the data selection had been completed, average values of the three coefficients were
estimated along with their standard deviations and then compared with corresponding results
from previous studies. Binned median values and their 10th and 90th percentiles were com-
puted for the chosen data. The reason for calculating binned median values instead of binned
mean values was that the median values would be less affected by outliers. The median values
of the coefficients were then calculated for different categories of the Monin Obukhov length
L and the temperature difference ∆T between the water surface and 10 m above. This was
done to see how the coefficients behave in the UVCN-regime compared to other conditions. L
was divided into the categories L < −150 m, −150 m < L < −100 m, −100 m < L < 0 m
and L > 0 m while the categories for ∆T were 0.5 K < ∆T < 2 K, 2 K < ∆T < 3 K and
∆T > 3 K. These categories (except L > 0 m) are the same as those selected by Sahlée et
al. (2008a). The dependence of the coefficients on the wind speed and the stability parameter
was then compared with the computations by COARE3.0 which were performed over Lake
Tämnaren by Sahlée et al. (2014).

The non-local effects were investigated following the method used by Esters et al. (2020)
who based the analysis on the same data set. This was done by analyzing the the dependence
of the skewness on TOW.
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4 Results

4.1 Average values of the neutral exchange coefficients and their stan-
dard deviations

Table 2 shows mean values of the neutral exchange coefficients and their standard deviations
from different studies. All the values were collected by Xiao et al. (2013). Table 3 contains
the name, average depth and area of the lake in each study. Compared to most of the studies
listed in Table 2, the mean values and the standard deviations of the coefficients in this project
are high.

Table 2. Mean values and their standard deviations for this study and other studies.

Study CDN · 1000 CEN · 1000 CHN · 1000

This study 1.9± 1.0 1.7± 0.96 1.3± 0.79

Heikinheimo et al. (1999) 1.4± 0.34 1.0± 0.40 1.3± 0.35

Blanken et al. (2003) 1.1± 0.06 2.0± 0.19 0.4± 0.05

Liu et al. (2009) 1.7± 0.12 1.2± 0.06 1.1± 0.09

Nordbo et al. (2011) 5.2± 1.05 1.0± 0.04 1.0± 0.09

Table 3. The name, average depth and area of the lake in each study.

Study Lake Depth (m) Area (km2)
This study Lake Erken Sweden 9 24

Heikinheimo et al. (1999) Lake Tämnaren Sweden 1.2 37
Blanken et al. (2003) Great Slave Lake Canada 41 27000

Liu et al. (2009) Ross Rarnett Reservoir USA 5 134
Nordbo et al. (2011) Lake Valtea-Kontinen Finland 2.5 0.4

In the upcoming sections, an analysis is done to see if the high values of CDN , CEN and CHN
in Table 2 may be due to the wind speed, stability, the UVCN-regime or non-local effects.

4.2 Exchange coefficients as functions of wind speed

In Figure 2, the neutral exchange coefficients are represented as functions of the wind speed 10
m above the surface. Each data value is denoted as a cyan coloured dot. The binned median
values and the 10th and 90th percentiles are shown by the red lines and their overbars. The
results from the COARE3.0 algorithm which were obtained by Sahlée et al. (2014) are char-
acterized by the dashed lines in each figure. Figure 2a shows that the highest values of CDN
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occur during low wind speeds (1-3 m/s). Furthermore, CDN varies to a greater extent when
the wind speed is small. When the wind speed is higher than 3 m/s, the data is less spread out
and the median value of CDN is near constant. A slight increase is observed between 8 m/s
and 13 m/s. The results for CDN according to COARE3.0 display a similar pattern but they are
clearly lower than the binned medians in this study. CEN and CHN in Figure 2b and Figure 2c
respectively, also display a small decreasing trend during low wind speeds but the decrease is
not as large as the decrease in CDN . For wind speeds greater than 3m/s, the values of CEN and
CHN are virtually constant. The values of CEN and CHN from COARE3.0 are near constant as
well. In the case of CHN the results according to COARE3.0 are nearly identical to the binned
medians in this study. For CEN , COARE3.0 predicts values that are lower than the medians.

(a) (b)

(c)

Figure 2. The neutral exchange coefficients as functions of the wind speed at 10 m height, a the drag coefficient
CDN , b the Dalton number CEN and c the Stanton number CHN . The cyan coloured dots make up the individual
data values. The red lines with stars represent binned median values and the overbars indicate the 10th and 90th
percentiles. The corresponding results from COARE3.0 calculated by Sahlée et al. (2014) are shown by the
dashed black lines.
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Figure 3 illustrates median values of CEN and CHN as functions of the wind speed 10 m above
the surface, depending on the value of the Monin Obukhov length. The red lines contain values
of L between 0 m and −100 m, the blue lines represent the interval −150 m < L < −100 m
and the green lines denote the category L < −150 m. The magenta coloured lines signify the
group L > 0 m. The average values from COARE3.0 are given by the black dashed lines.

(a)

(b)

Figure 3. The binned median values of a CEN and b CHN as functions of the wind speed at 10 m height
for different Monin Obukhov lengths. The overbars indicate the 10th and 90th percentiles. The results from
COARE3.0 are mean values that were calculated by Sahlée et al. (2014) and are shown by the dashed black lines.
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Both Figure 3a and Figure 3b show that when the wind speed exceeds 10 m/s, CEN and CHN
become more scattered when L < −150 m. The medians of the moisture coefficients in the
category L < −150 m tend to increase during higher wind speeds as well. In the case of
CHN , the medians are virtually unaffected, although a small increase takes place in the group
L < −150 m at 10 m/s. A large spread of the coefficients can also be seen during low wind
speeds when L < −150 m. Apart from this, no obvious dependence on the wind speed can be
seen for each coefficient regardless of the value of L, particularly for wind speeds between 4
m/s and 9 m/s. Besides, the medians are for most wind speeds identical no matter what L is
equal to. Yet when L is positive, CEN tends to decrease and is marginally lower than in the
other three categories when U10 > 4 m/s. The lowest moisture coefficients that satisfy L > 0 m
occur during the highest wind speeds. An analogous pattern is observed for CHN in Figure 3b.
The results from COARE3.0 are more in agreement with the Stanton number than the Dalton
number. The neutral drag coefficient was a little higher for wind speeds between 1 m/s and 2
m/s and increased marginally when U10 > 10 m/s, but otherwise constant with respect to the
wind regardless of the value of L. In other words, no conspicuous influence of L on the value
of CDN at a specific wind speed was detected.

Figure 4 depicts the dependency of the median values of CEN and CHN on U10, depending
on the temperature deviation ∆T between the water surface and the air 10 m above the surface.
Temperature differences between 0.5 K and 2 K are indicated by the green lines, the blue lines
denote the category 2 K < ∆T < 3 K and the red lines contain temperature differences greater
than 3 K. Overall, the medians of each coefficient show no discernible wind speed dependence
no matter what the temperature difference is. On the other hand, CEN andCHN tend to increase
a little bit and become more dispersed when U10 > 8 m/s. The greatest increase happens when
0.5 K < ∆T < 2 K, especially for the Dalton number. Moreover, a relatively large spread
occurs during low wind speeds. CHN is closer to the values according to COARE3.0 than
CEN . CDN had a tendency to be high in magnitude and decrease quickly during low wind
speeds. Between 4 and 12 m/s, CDN was mostly constant but a slight increase occurred as
U10 reached 10 m/s. This pattern was observed regardless of the temperature difference. In
addition, the value of CDN at a certain wind speed was the same for all ∆T .
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(a)

(b)

Figure 4. The binned median values of a the Dalton number CEN and b the Stanton number CHN as functions of
the wind speed at 10 m height for different temperature differences ∆T . The overbars indicate the 10th and 90th
percentiles. The results from COARE3.0 are average values calculated by Sahlée et al. (2014) and are shown by
the dashed black lines.

4.3 Exchange coefficients as functions of stability parameter

Figure 5 shows the exchange coefficients as functions of the stability parameter z/L. Each data
value is denoted as a cyan coloured dot. The median values and the 10th and 90th percentiles
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are shown by the red lines and their overbars. The results from COARE3.0 obtained by Sahlée
et al. (2014) are depicted by the dashed black lines. The data from COARE3.0 ranges only
between -1 and 1 for z/L.

(a) (b)

(c)

Figure 5. The neutral exchange coefficients as functions of the stability parameter z/L, a CDN , b CEN and
c CHN . The cyan coloured dots are the data points. The red lines with stars represent median values and the
overbars indicate the 10th and 90th percentiles. The corresponding results from COARE3.0 calculated by Sahlée
et al. (2014) are shown by the dashed black lines.

All three graphs above reveal that most of the data occurs during neutral and unstable stratifi-
cation. The values of the exchange coefficients tend to be larger as z/L approaches zero. The
scattering also increases rapidly during neutral conditions. COARE3.0 estimates lower values
for the drag coefficient and the moisture coefficient compared to this study. The binned medi-
ans of the sensible heat coefficient however, are in quite good agreement with the COARE3.0
algorithm.
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4.4 Exchange coefficients as functions of time over water

Figure 6 depicts the dependency of the neutral exchange coefficients on the time over water
TOW. Each data value is denoted as a cyan coloured dot. The binned median values and the
10th and 90th percentiles are shown by the black lines and their overbars respectively.

(a) (b)

(c)

Figure 6. The neutral exchange coefficients as functions of time over water, a CDN , b CEN and c CHN . TOW
has the unit seconds. The individual observations are visualized as cyan coloured dots. The black lines with stars
denote binned median values and the overbars indicate the 10th and 90th percentiles.

Generally, the exchange coefficients are higher when TOW is low, that is, when the transporta-
tion of air from the shore to the sensor in the upwind direction has not taken place that long.
As more time goes by, the coefficients decrease and eventually level off, especially CEN and
CHN . The data varies to a greater extent in the beginning, but the spread is still quite large as
the time progresses, particularly in the case of CDN . The binned medians are mostly constant.
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4.5 Variance flux relations

In Figure 7, the dependency of the normalized standard deviations on the stability parameter
z/L is illustrated. The top figure shows the variance flux relation for the humidity and the
bottom figure denotes the corresponding result for the temperature. The individual data values
are characterized by the blue dots while the red lines represent the binned median values with
the 10th and 90th percentiles. The results reveal that the normalized standard deviations for
humidity and temperature resemble each other in terms of variation and distribution; they in-
crease as the stratification becomes more neutral. Most of the data points appear during neutral
and slightly unstable conditions and very few values indicate stable stratification.

Figure 7. The variance flux ratios as functions of the stability parameter z/L. The individual observations are
visualized as blue dots. The red lines with stars represent binned median values and the overbars indicate the 10th
and 90th percentiles.
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5 Discussion

Generally speaking, CDN , CEN and CHN are higher in this study than most of the other studies
mentioned in Table 2 and other reports, such as Sahlée et al. (2014). The standard deviations
in Table 2 and the variance flux ratios in Figure 7 are also considerably larger in this study
compared to previous studies. The explanation for the results is not entirely evident, but there
are a few possible reasons which may be deduced by analyzing how and why the coefficients
and the normalized standard deviations behave depending on the atmospheric conditions.

The results in Figure 2 show that CDN is more dependent on the wind speed than CEN and
CHN since CDN has a greater rate of change with respect to wind speed, which is noticeable for
the lowest wind speeds. This is not surprising due to the fact that CEN and CHN also depend
on the humidity and the temperature respectively. High values and decreasing trends of CDN
in the low wind speed regime (1-3 m/s) have previously been observed by Sahlée et al. (2014),
Wei et al. (2016) and Xiao et al. (2013). The decrease of CDN in this regime is expected since
the flow is aerodynamically smooth (Arya, 2001). The reason why the drag coefficients are
very high and hugely scattered at weak wind conditions is not clear. Wei et al. (2016) postulate
that the increasing drag coefficients that were observed during low wind speeds in their own
study may have been caused partially by wave influence in the form of capillary waves on the
estimated roughness length. The use of vector averaged instead of scalar averaged wind speeds
could also be a reason. However, the major explanation was suggested to be an increase in the
turbulent kinetic energy during unstable stratification due to increased production of buoyant
energy. One of these mechanisms may therefore have enhanced the drag coefficient in this
study.

For U10 > 4 m/s, the transfer coefficients (and hence the fluxes) are more or less constant.
Xiao et al. (2013) obtained analogous results. Yet, CDN , CEN and CHN have in other earlier
projects been shown to increase as the wind increases. As the flow at the surface becomes
rougher due to higher wind speed, waves are more likely to develop which may amplify the
coefficients because of the enhanced interaction with the overlying air. Examples of studies that
have observed this include Smith (1988), Sahlée et al. (2008a) and Smedman et al. (2007b).
The reason why the coefficients in this study don’t seem to increase as the wind gains more
speed could be that the fetch and the depth are limited, thus making it more difficult for waves
to develop. Even so, the coefficients (mainly CDN ) are still large during higher wind speeds,
which may be because the surface was very rough.

The analysis of the exchange coefficients as functions of the stability indicates that the ma-
jority of the data represents unstable and neutral stratification and that the coefficients tend to
increase significantly when z/L nears zero. The scattering also increases sharply as the stabil-
ity becomes more neutral. The reason for this could be that drier air is transported to the lake,
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either due to the UVCN-regime or non-local effects like horizontal advection. These results are
consistent with earlier studies, for instance Rutgersson et al. (2001), Sahlée et al. (2008a) and
Sahlée et al. (2014). Low values and less data occur during stable stratification, which also was
observed in Sahlée et al. (2014) and Rutgersson et al. (2001). Larsén et al. (2004) suggest that
the reduced coefficients during stable conditions could be because of a layer of strong shear
(a low wind maximum), which prevents eddies from descending and therefore interacting with
the surface. The increase of the median value of CDN when z/L = 2 in Figure 5a is likely due
to one or more outliers that still occurred in the data.

When the moisture and sensible heat coefficients are divided into different stabilities by
varying the air-water temperature difference ∆T and the Monin Obukhov length L, the result-
ing median values are mostly unaffected by the wind speed. The patterns and the values that
the binned medians obtain at a specific wind speed are similar no matter what ∆T and L are
equal to. On the contrary, CEN and CHN are more spread out when L < −150 m and 0.5 K
< ∆T < 2 K. Since this happens mostly during higher wind speeds, this could be a result of
the presence of the UVCN-regime. The slightly lower binned medians in the group L > 0 m
in Figure 3a could be the reason why there are many low coefficients in Figure 2 and Figure 5.
The explanation why the coefficients are widely scattered in low wind speeds is still unclear.

As illustrated in Figure 6, the neutral transfer coefficients obtain higher values when the air
has travelled across the lake for a relatively short time (up to 1000 seconds). As more time
passes, the coefficients decrease and approach constant values. Since the fluxes are propor-
tional to the coefficients this implies that the fluxes have a similar pattern. The explanation for
this could be connected with the balance between non-local and local influences which were
identified over Lake Erken by Esters et al. (2020). When the skewness was studied as a func-
tion of TOW, it was noted that the skewness for open water started off with negative values
and stayed negative until it passed zero at TOW=185 s. The skewness continued to increase
after TOW=185 s and leveled out at a value of 0.6 when TOW=520 s (Esters et al., 2020). This
means that since the smallest values of the skewness take place during low values of TOW,
non-local effects influence the fluxes more frequently when TOW is small compared to local
processes.

Nonetheless, it is difficult to tell whether the non-local impacts consist of transportation of
drier air into the lake boundary-layer from above or horizontal advection from the surroundings.
If the transportation originates from the free atmosphere, this could be a sign that the UVCN-
regime is occurring. Due to the enhancement of the skewness during increasing TOW, local
effects affect the fluxes to a greater extent when TOW is higher, which reduces the largest
coefficients and the spread. In spite of that, there are numerous high coefficients when the
skewness is positive and when TOW is large, meaning that non-local influences could still be
present. The reduction of the scattering of the individual data points could be the reason why
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all the binned median values are more or less constant.
Figure 7 shows that σq/q∗ and σt/T∗ increase rapidly when z/L ≈ 0 and decline as the

z/L becomes either more positive or negative. This is in good agreement with Sahlée et al.
(2014) and Weaver (1990). Because the measured variances vary with z/L in the same way as
the scattering of CEN and CHN , this could once again explain why the moisture and the heat
coefficient are substantially more spread out when z/L ≈ 0. In this sense, the variance flux
relations can be valuable since they depict the distribution and the reliability of the data.

Since the normalized standard deviations are related to the fluxes according to MOST, the
latter may also be determined by measuring the former and using the similarity relations de-
scribed by Eqs. (11) and (12). An example of a study that examined the possibility of com-
puting the fluxes with the variance method is Weaver (1990). The main conclusions were that
more uniform surfaces yield approximately the same variance flux relation except when the
fluxes are small. For non-uniform surfaces or smaller fluxes it is better to find out the variance
flux relation f(z/L) with help of measurements before calculating the fluxes. Despite this, the
variance method is not recommended for estimating the water vapor flux over dry surfaces,
because the water vapor flux relation may be highly variable for surfaces with senescent vege-
tation. All things considered, the fluxes can be determined by the variance flux relations with
reasonable accuracy (Weaver, 1990). However, high normalized standard deviations should be
taken with caution because they could provide inaccurate and erroneous values of the fluxes.

With all this in mind, the possible causes for the higher neutral exchange coefficients in
this study compared to most other reports could be that the UVCN-regime was very strong
and prevailed for long time periods. A more powerful UVCN-regime could even be the reason
why the coefficients (mainly the Stanton number and the Dalton number) are more widely
scattered than in other studies. Non-local effects such as advection from the surrounding land
areas may have been dominant and lasted very long as well. The higher spread of CEN and
CHN may even be linked with the computed normalized standard deviations which in turn were
relatively large compared to Weaver (1990) and Sahlée et al. (2014). The explanation for the
higher normalized standard deviations may also be because of the UVCN-regime or non-local
processes. The higher spread of CDN compared to previous projects could be related to the
rapid increase that took place in low wind speeds. This increase may have been caused by
more abundant wave influences or turbulent kinetic energy during unstable conditions.

The mean depth and fetch of the lake may even have enabled development of steeper waves
compared to open-sea conditions, which in turn increased the fluxes as a result of enhanced
roughness and air-water interaction at the surface. This could explain why most of the coef-
ficients (particularly CDN ) in this study are higher than those according to COARE3.0 since
Lake Tämnaren, where the COARE3.0 values come from, is shallower and has a shorter fetch
than Erken. Basically, because the depth and fetch are more limited at Tämnaren than Erken,
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waves and air-water interaction may have been suppressed to a greater extent at Tämnaren,
despite Tämnaren being larger in area. Although, the binned median values of CHN are in
quite good agreement with the mean values from COARE3.0 whereas the medians of CDN and
CEN are not. The reason for this difference is unclear. What’s more, some lakes in Table 3
are bigger in area and deeper, but still produce lower coefficients and vice versa. Therefore the
depth, fetch, and area are clearly not the only parameters that influence the fluxes over lakes.
It is also questionable whether huge rough waves would form over a relatively small lake as
Erken compared to vastly bigger and deeper lakes and seas where the roughness typically is
higher. Another possibility is that there still were a number of outliers in the data that had not
been removed.

6 Conclusions

The main focus of this study was to analyze heat transfer, momentum transport and evaporation
by evaluating how the neutral transfer coefficients for drag, moisture and heat depend on dif-
ferent atmospheric conditions. This was done with the help of measurements at Lake Erken, 70
km east of Uppsala. The emphasis was on how the coefficients behave depending on the wind
speed 10 m above the surface, the stratification and the time over water TOW. An analysis was
done for the UVCN-regime by studying the wind speed dependence on the coefficients when
they were divided into groups depending on the value of the Monin Obukhov length and the
temperature difference between the water surface and 10 m above. Possible non-local impacts
on the coefficients were studied by analyzing the skewness of the humidity data, which had
been estimated by Esters et al. (2020). Lastly, normalized standard deviations of temperature
and water vapor were computed to examine their variation during different stabilities. Sub-
sequently, the results were compared with earlier studies. The results of the dependency of
the coefficients on wind and stability were also compared with predictions by the COARE3.0
algorithm over Lake Tämnaren in Sahlée et al. (2014).

The computations revealed that the coefficients were mostly constant with respect to wind
speed. Even so, the drag coefficient had a tendency to be larger and more dispersed at low
wind speeds, which might have been caused by wave influence in the form of capillary waves
or greater turbulent kinetic energy during unstable stratification. When the wind dependence
was studied by varying the Monin Obukhov length L and the air-water temperature difference
∆T , the values of the Dalton number and the Stanton number were largely unaffected by the
value of L and ∆T . However, the scattering was substantially higher for CEN and CHN when
L < −150 m and 0.5 K < ∆T < 2 K, especially for high wind speeds. This could be because
of the occurrence of the UVCN-regime. Accordingly, the UVCN-regime could clarify why the
exchange coefficients and hence the fluxes (mainly the moisture and sensible heat fluxes) were
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enhanced when the stability parameter approached zero. Non-local effects could be another
reason for the increase of the coefficients. The larger spread of CEN and CHN during neutral
conditions could also be associated with the increased scattering of the normalized standard
deviations for moisture and temperature. All three exchange coefficients were higher and more
scattered when the time over water was low. This may be related to the UVCN-regime or non-
local effects such as advection or entrainment, which in turn occur due to low skewness. For
higher values of TOW, the coefficients were generally lower and almost constant as a result of
increasing local influences due to greater skewness.

On the whole, the neutral transfer coefficients were higher and widely scattered compared to
most other studies. It is uncertain what the explanation is, but it might be because the UVCN-
regime and non-local impacts were strong and present for a relatively long time. Wave impacts
or increased turbulent kinetic energy during unstable conditions may have taken place regularly.
The relatively large depth and long fetch of the lake may have caused steeper waves compared
to open-sea conditions. Because Lake Tämnaren is shallower and has a shorter fetch than Lake
Erken, this could explain why the majority of the coefficients in this study (the drag coefficient
in particular) are larger than the COARE3.0 algorithm used in Sahlée et al. (2014). Moreover,
there may have been a few outliers that still had not been discarded during the data selection.
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