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Introduction

In the supporting information, we include text S1, table S1 and figures S1-S11 which are
referred to Section 2.1 “Eddy-covariance measurements”, Section 2.2 “Data filtering” and Section
3 “Results”, respectively. Text S1 describes the effect of application different filters (Section 2.2)
on the data. In particular, we selected two datasets from Lake Dagow and Lake Suwa which we
consider representative for all other datasets. Moreover, in this text we explore different types
of averaging over all datasets. Table S1 represents a short overview of the water bodies selected
for the analysis and the data sources. Figures S1-S11 provide additional results related to the bulk
transfer coefficients over lakes and reservoirs, known as drag coefficient (Cpp), Stanton number
(Cyn) and Dalton number (Cgy). Figure S1 is a support for the fact that the drag coefficient at
one individual bin (wind speed of 0.5 m s) has a log-normal distribution. In addition, it shows
that different kinds of averaging of the drag coefficient do not significantly affect the results.
Figure S2 demonstrates the effect of the data filtering on the values of Cpy for one particular
dataset (as an example, Lake Dagow, Germany). Figure S3 explores the effect of removing
measurements that were potentially affected by floating vegetation in Lake Suwa (Japan). Figure
S4a shows Cpy versus wind speed at 10 m height for all lakes and reservoirs. Lake Quinghai
(China), Nam Theun 2 Reservoir (Laos) and Bol’shoi Vilyui Lake (Russia) were removed as they
showed much larger or lower values in comparison to other water bodies of similar size. We did
not find a reasonable explanation for that. In comparison with Figure 2a, Figure S4a shows less
variability between the lakes. Figure S4b explores the difference between the Stanton numbers
considering various types of water surface temperature: the skin temperature, the water
temperature at some arbitrary depth or the mixture of both. Figure S5 provides all estimates of
the transfer coefficients for the water bodies where obvious outliers are included. Figure S6 helps
to understand the effect of the atmospheric stability on the transfer coefficients at wind speeds
below 3 m s Figure S7 shows the fitting of the empirical function proposed for the
measurements above the land for the Stanton and Dalton numbers. Figures S8, S10 demonstrate
the relationship between the transfer coefficients and lake characteristics, including maximum
fetch, maximum and mean water depth, and lake surface area. Figure $S10 shows the dependence
of the transfer coefficients on the measurement height. Figure S9 shows the results of a principal
component analysis that was used to identify the possible relationship between Cpy and all
predictors. Figure S11 provides evidence for the increase of the averaged wind speed with the
increase of the lake surface area.



Text S1. Effect of data filtering and data averaging

Before analyzing the transfer coefficients for the combined datasets, we looked at data
for each individual lake or reservoir. As a first step, we analyzed the dependence of the drag
coefficient on U . It was apparent that the drag coefficients Cp (Eg. 2a) within individual wind
speed intervals (0.5 m s bin size) were nearly log-normally distributed. The Shapiro-Wilk test for
logarithmically transformed data confirmed a normal distribution at a standard significance level
of 0.05 for most of the bins (the example for one individual bin is shown for Lake Balaton, Hungary
Figure Sla). The normalization of the drag coefficient to neutral atmospheric stability (Cpy)
produced outliers (mainly for stable conditions), which affected the test results, but the
distribution was still near log-normal. For our analysis, we consider bin-averaging of log-
transformed data as an adequate measure to quantify the relation between the drag coefficient
and wind speed. Some previous studies reported the median values of the drag coefficient
(DeCosmo et al., 1996; Fairall et al., 2003), which are almost identical to the log-averaged values.

As there was no widely accepted way of presenting the transfer coefficients and their
dependence on wind speed, we tested several statistical metrics. At first, we considered two types
of representation of the transfer coefficients: the first way was to combine the data from all water
bodies in each bin to estimate the mean value, logarithmic mean and median values. In the second
approach, we calculated the same metrics but for already logarithmically bin averaged Cpy for
each lake or reservoir. We did not consider arithmetic mean for the first method as the outliers
strongly affected it. We found that the choice of other statistical metrics was not important due
to the fact that, for example, the average percentage difference between the median of the first
method (resulted in the lowest values of Cpy) and the standard mean of the second method
(resulted in the highest values of Cpp) was around 20% (Figure S1b). We consider the second
method and the logarithmic mean for further analysis as we observed near logarithmic
distribution of the data in each bin.

To demonstrate the effect of data filtering (Section 2.2), we examined the longest dataset
available to us, collected at the Lake Dagow site (Figure S2). The effects of applying the filters
described below were nearly identical for any other dataset. Without any filtering, Cpy is
characterized by large scatter, particularly, at low wind speeds (< 4 m s?) (Figure S2a). 3% of these
data has been discarded after applying the quality check flags for unacceptable data. Removing
wind directions (< 60° > 90° and < 210; > 270°, see Table S1), considering the elongated shape of
the lake, resulted in a slight decrease of the bin-averaged Cpy, except for the highest wind speed
of 10 m s* (however, less data in bins were available there). A similar effect could be observed
when the periods with ice cover were removed (Figure S2d). The bin-averaged Cp, appeared to
be unaffected by removal of events with precipitation (Figure S2e). Removing data with u, <
0.05 m s resulted in increase of the bin-averaged Cpy at low wind speeds. In the case of Lake
Dagow, Cpy for the first bin (U;, = 0-0.5 m s™) was a factor of 1.6 higher in comparison to Cpy
without the u, filter (Figure S2f). This selected threshold for the u, filter is reported in literature,
but is considered as arbitrary. Higher and lower values of this threshold result in higher and lower
Cpy at low wind speeds. Following common practice, we applied the threshold of 0.05 ms?tin the
following analysis for all datasets. In general, the resulting filtered bin-averaged Cpy increased
with decreasing wind speed at low wind speeds and remained at a relatively constant value of
3-103 at wind speeds exceeding 3 m s with a very slight increase at 9-10 m s

For their analysis, Andreas et al. (2005) and Li et al. (2016) removed the data with
“unreasonable” values of the surface roughness length (e.g., z; > 0.3 m). We tested this criterion
using our data (Figure S2g). While at high wind speeds (> 3 m s!) an increased surface roughness
length could be attributed to the increasing height of the surface gravity waves, potential
mechanism causing large roughness at low wind speed (e.g., zo>1 m for Lake Dagow), remains
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unknown. Large values of z, has also been reported in Liu et al. (2020) for the measurements
above land. Using this criterion to filter the data seemed to be inappropriate, as it mainly affected
the drag coefficient at low wind speeds and simply cuts large values of Cpy. This filtering resulted
in smaller bin-averaged Cpy at low wind speeds.

Filtering of the dataset from Lake Dagow resulted in a data reduction of approximately
73% (see details in the Table in the data repository 10.5281/zen0do.6597829 for other lakes or
reservoirs). Lake Dagow is a relatively small lake (0.3 km?) shielded with forest and may have larger
scatter in the dependence of the drag coefficient on wind speed. However, we consider this
example of filtering the data as representative for all other lakes and reservoirs under study as it
contains most of applied filters and similar effects of filtering has been observed for other sites,
as well as for Cyy and Cgy.

Removing the periods with floating vegetation on the water surface using the data from
Lake Suwa did not significantly affect Cpy except at low wind speeds (< 2 m s™, Figure S3). Bin-
averaged Cpy was slightly higher when applying this filter (the mean percentage difference was
16% for winds 0-2 m s, Figure S3c).

Filtering of the datasets resulted in the total amount of filtered data ranging between 6.5
days (Lake Wohlen) and 5.3 years (Lake Taihu) with median value of 110 days for all datasets.
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Figure S1. Histogram of log-transformed drag coefficients Cp (not accounting for atmospheric
stability) for 5% bin corresponding to wind speed of 2.5 m s*. Data was collected at Lake Balaton
site (Hungary, number of data points N = 694). A Shapiro-Wilk test of the log-transformed data
confirmed a normal distribution at a standard significance level of 0.05. (b) Bin-averaged drag
coefficients at neutral atmospheric stability (Cpy) estimated using the combined dataset as a
function of U;,. Different colors refer to different averaging procedures: the first method (I)
was to combine data from all water bodies in each bin of wind speeds and then estimate the
logarithmic mean (black line with circles) and median (dark yellow line with circles) values (the
arithmetic mean values without log-transformation are not shown because of their large
scatter). For the second method (Il), Cpy Were logarithmically averaged for each lake before
calculation of mean (red line and symbols), logarithmic mean (black), and median (blue) values.


10.5281/zenodo.6597829

The second method with logarithmic averaging was considered for further analysis. Small panel
in (b) shows Cppy beyond the scale at low wind speeds.
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Figure S2. Effects of different steps of data filtering on estimated drag coefficients exemplified for
the dataset from Lake Dagow (Germany). Neutral drag coefficients (Cpy) as a function of wind
speed at 10 m height (U;,) are shown by grey dots that represent the estimates from individual
30 min flux measurements. The solid black line with circles shows logarithmic bin-averaged data
in 0.5 m st wind speed intervals. The number of data points (N) is indicated in the legend and a
minimum of 10 data points was considered for bin-averaging. (a) No filtering was applied; (b) the
data with quality flag equal to 2 indicating bad quality data (provided by EddyPro software, see
details in Text S1) were removed; (c) wind directions (WD) were removed (60° < WD < 90°, 210° <
WD < 270°), as the lake has an elongated shape, we considered the wind directions with the
largest fetch; (d) the periods with ice cover were removed; (e) the periods with precipitation were
removed; (f) low fluxes were removed (u, < 0.05 m s?, |H|, |E| < 10 W m™); (g) removing the
periods with surface roughness length zg > 0.3 m.



20 b) 20 - 20
(a) Suwa (b) (c)
— 18 N = 25239 — 181 N = 20076 — 18 . N = 16375
Z 1%7 All data z 167 ¢ QCfiag + Z 187 - (ot
O 14 O 141 . WD+icecov. Q 141 . WD ice cov.
€ 124 € 121 + precip. + T 124 + precip. +
2 : 2 &Y low fluxes +
G 10 A ‘C 10 A low fluxes ‘G 101
£ b= &=
o 81 @ 81 @ 84
Q Q Q
(8] 6‘ [&] 6_ [&] 6_
o (=] (=]
£ 44 o 20 T 44 O 44
o G =) o
2 el ® 2 24
0 i T T 0 T T 0 T T
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16

Wind speed U10 [m 5'1] Wind speed U10 [m 5'1] Wind speed U10 [m 3'1]
Figure S3. The effect of data filtering (similar to Figure S1): Cpy versus U4, for the dataset from
Lake Suwa. (a) No filtering was applied; (b) all filters from Section 2.2 (except the periods with
floating vegetation) were applied; (c) the periods with floating vegetation were removed
(18.08.18-07.10.18; 15.05.19-09.09.19; 10.07.20-05.10.20).
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Figure S4. (a) Cpy versus Uqq. This panel is similar to Figure 2a except the fact that three
additional lakes were excluded — Lake Quinghai (China), Nam Theun 2 Reservoir (Laos) and
Bol’shoi Vilyui Lake (Russia). (b) Neutral Stanton number (Cyy) versus Uqq. Three lines show bin
averages of Cyxy obtained using data with different measures of water temperature: skin



temperature T (red line), bulk water temperature T, (blue line) or both (black line with circles).
Shaded grey area in both panels indicates data between the 5" and 95" percentiles.
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Figure S5. Neutral bin-averaged transfer coefficients (a) Cpy, (b) Cyy, (c) Cgy versus U;, are
shown for all water bodies (grey lines). Thick colored lines (red, blue and green in (a) and red in
(b) and (c)) show the water bodies which we marked as outliers, as their values were significantly
larger or lower in comparison to other water bodies of similar size. Vertical and horizontal black
dashed lines show a constant wind speed of 3 m s and typical values of Cpy, Cyy = Cgy 1.3-10°
3, 1.1-103, respectively. Note, the scale of Y-axis in (a) is different from (b) and (c) for better
visibility.
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Figure S6. Comparison of the transfer coefficients (a) Cp, (b) Cy, (c) Cg (blue, red and green lines,
respectively) with their counterparts adjusted for neutral atmospheric conditions Cpy, Cyn, Cen
(black line with circles) for bin-averaged values over all water bodies under study. Vertical and
horizontal black dashed lines show a constant wind speed of 3 m s and typical values of Cpy,
Cyn= Cgy 1.3:103, 1.1-103, respectively. The smaller panel in (a) shows the drag coefficient for
wind speeds less than 3 m s at enlarged scale. It is apparent that atmospheric stability affected
the transfer coefficients at low wind speeds only.
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Figure S7. Neutral (a) Stanton number, (b) Dalton number marked by black line with symbols
(similar to Figure 4a in the manuscript). The dark yellow line shows the function C =
b,[1 + byexp(bs3U;,)] proposed by Liu et al., (2020) with the fitted coefficients b; = 1.5-103; b, =
8.8; bs = -2 for Stanton number and b; = 1.1:1073; b, = 5.5; bs = -2.1 for Dalton number (see details
in Section 3.2). Vertical and horizontal black dashed lines show a constant wind speed of 3 m s
and typical value of Cyy = Cgy being equal to 1.1-10°3.
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Figure S8. Mean neutral transfer coefficients (a, b, ¢) Cpy; (d, €, f) Cyn; (8, h, i) Cgy versus
maximum fetch, maximum and average water depth of the water body. All plots show the
exchange coefficients averaged for wind speeds exceeding 3 m s. Each black square on the panels
is the value of the transfer coefficient for one lake or reservoir. Red line in all plots shows linear
regression in logarithmic domain (log,,y = A logox + B). The relationship between the transfer
coefficients and selected lake characteristics is expressed as a power dependence y =
x“4exp(B In10), where A and B are the slope and intercept of the linear regression. Corresponding
slope and intercept as well as the Pearson correlation coefficient and p-value are written at left
upper corner of the plot. Three red squares in (a), (b) correspond to Lake Quinghai, Nam Theun 2
Reservoir and and Bol’shoi Vilyui Lake were not considered for linear regression analysis of the
drag coefficient and the Pearson correlation for the drag coefficient. Green line illustrates the
result from (Panin et al., 2006). There is a weak negative correlation between the Stanton and
Dalton numbers and maximum fetch as well as a significant negative correlation between the drag
coefficient and maximum fetch. No evidence for any kind of relationship between all transfer
coefficients and maximum or average water depth was found.
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Figure S10. Mean neutral drag coefficient as a function of (a), (b), (c) lake surface area; (d), (e), (f)
measurement height (if it changed — the average height for the measurement period was taken)
at a fixed wind speed of 1 m s (shown as “WS = 1 m s”). Each black square on the panels
represents the mean value of the drag coefficient for one lake or reservoir. Red line in all plots
shows linear regression in logarithmic domain logoy = A log ox + B. The relationship
between the transfer coefficients and selected lake characteristics is expressed as a power
dependence y = x“4exp(B In10), where A and B are the slope and intercept of the linear
regression (shown in the upper left corner). Corresponding Pearson correlation coefficient and p-
value are written at left upper corner of the plot. A significant positive correlation (marked by
bold font) was found between Cpy , Cyy and surface area as well as measurement height (also

Cen).
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Table S1. Lake and reservoirs under study and their characteristics. Corresponding datasets and
information about their processing.
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Lake/Reservoir | Area A; | Mean/Max Country Filters Accepted wind Publication Data repository
[km?] depth directions [°]
1 Acton Lake 0.12 -/9.3 USA QCF(2) | until 04.05.18: < (Waldo et al., (Waldo et al.,
(Reservoir) ; WD; | 170; after: < 15 2021) 2021)
IC; LF and > 300; > 130
and < 205
2 Lake Balaton 596 3.3/12.2 Hungary QCF(= All (LUkG et al., 2020, | https://zenodo.
6); LF 2022) org/record/5597
1414.YbIcK71
PY
3 Bautzen 5.3 7.4 /135 Germany WD; LF > 195 and < 355 (Guseva et al., ***Data
Reservoir 2021) available from
Uwe Spank
4 Bol’shoi Vilyui 4.3 3/7 Russia LF All (Stepanenko et ***Data
Lake al., 2018) available from
Irina Repina
5 Lake Dagow 0.3 5/9.5 Germany QCF(2) > 60 and < 90; < (Guseva et al., https://doi.or
; WD; 270 and > 210 2021) 10.18140/FLX/1
IC; P; 669633
LF
6 Daring Lake 14.8 -/27 Canada P; LF *<10and>270 (Golub et al., (Golub et al.,
2021) 2022)
7 Douglas Lake 13.7 9/24 USA LF “<180and >270 (Morin et al.,
2018; Golub et
al., 2021)
8 Eastmain 602 11/63 Canada WD; > 180 and <330 (Demarty et al.,
Reservoir IC; P; 2011; Golub et
LF al., 2021)
9 Lake Erie 2.6-104 19/64 USA IC; P; All (Shao et al.,
LF 2015; Golub et
al., 2021b)
10 Itaipu 1.4-103 21.5/170 Brazil WD; LF <30and>140 (Armani et al., ***Data
Reservoir 2020) available from
Fernando
Armani
11 Lake Klontal 3.3 29 /45 Switzerland WD; LF >75and <243 (Sollberger et al., ***Data
2017) available from
Werner Eugster
12 | Lake Kuivajarvi 0.63 6.4/13.2 Finland WD; P; | >135and< 185; (Heiskanen et al., (Golub et al.,
LF >315 2015; 2022)
Mammarella et
al., 2015; Golub
et al, 2021)
13 Lake Lunz 0.68 20/34 Austria QCF(2) > 195 and < 355 (Scholz et al., https://doi.or;
; WD; 2021) 10.5281/zenodo
IC; P; .4519167
LF
14 | Lake Mendota 39.4 12.8/25.3 USA WD; < 30; > 285 (Desai, 2018)
IC; P;
LF
15 Nam Theun 2 450 7.8/39 Laos P;LF; T All (Deshmukh et al., (Golub et al.,
Reservoir 2014) 2022)
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https://zenodo.org/record/5597141#.YbIcK71_pPY
https://zenodo.org/record/5597141#.YbIcK71_pPY
https://zenodo.org/record/5597141#.YbIcK71_pPY
https://zenodo.org/record/5597141#.YbIcK71_pPY
https://doi.org/10.18140/FLX/1669633
https://doi.org/10.18140/FLX/1669633
https://doi.org/10.18140/FLX/1669633
https://doi.org/10.5281/zenodo.4519167
https://doi.org/10.5281/zenodo.4519167
https://doi.org/10.5281/zenodo.4519167

16 Lake Ngoring 610.7 17.6/30.7 China WD; LF >53and< 175 (Han, 2020; Han https://datavers
et al.,, 2020) e.harvard.edu/d
ataset.xhtml?pe
rsistentld=doi:1
0.7910/DVN/SRI
AYJ;
17 | Lake Pallasjarvi 17.2 9/36 Finland P; LF "< 60and>180 (Lohila et al., (Golub et al.,
2015; Golub et 2022)
al., 2021)
18 Lake Qinghai 4.4-103 21/26 China WD; LF <110and >325 (Li et al., 2016; Li https://data.tpd
et al,, 2018) c.ac.cn/en/data/
1df8f705-8a98-
4ede-8de7-
d065f7f674bd/
19 Rappbode 4 28.6/89 Germany WD; LF > 180 and < 240 (Spank et al., ***Data
Reservoir 2020) available from
Uwe Spank
20 Ross Barnett 134 4/8 USA P; LF All (Liu et al., 2009) (Golub et al.,
Reservoir 2022)
21 Lake Rotsee 0.48 9/16 Switzerland WD; LF >7and < 65; > (Schubert et al., ***Data
235 and < 262 2012) available from
Werner Eugster
22 Siberian Lake 1.21 3.1/6.5 Russia QCF(2) All (Franz et al., ***Data
; IC; LF; 2018) available from
T Torsten Sachs
23 Lake 0.25 12/27 Switzerland LF All (Eugster, 2003) ***Data
Soppensee available from
Werner Eugster
24 Lake Suwa 13.3 4/6.9 Japan QCF(= <5and>240 (Iwata et al., http://asiaflux.n
6); 2018, 2020) et/index.php?pa
WD; ge id=1355
IC; LC;
P; LF
25 Lake Taihu 2.4-103 1.9/3 China QCF(2) All *Data from (zhangetal,, https://datavers
; LF PTS point only 2020) e.harvard.edu/d
ataset.xhtml?pe
rsistentld=doi:1
0.7910/DVN/HE
WCWM
26 | Lake Tamnaren 38 1.3/2 Sweden WD; > 120 and < 333 (Podgrajsek et al., (Golub et al.,
IC; LF 2014; Sahlée et 2022)
al., 2014)
27 Lake Toolik 1.5 7/25 USA P; LF All (Eugster et al.,
2020; Golub et
al., 2021)
28 Lake Valkea 4.1-102 2.5/- Finland WD; P; > 134 and < 180; (Nordbo et al.,
Kotinen LF > 300 and < 350 2011; Golub et
al., 2021)
29 Lake 103 7/24 Finland IC; LF All (Salgado et al.,
Vanajavesi 2016; Golub et

al,, 2021)
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https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/SRIAYJ
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/SRIAYJ
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/SRIAYJ
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/SRIAYJ
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/SRIAYJ
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/SRIAYJ
https://data.tpdc.ac.cn/en/data/1df8f705-8a98-4ede-8de7-d065f7f674bd/
https://data.tpdc.ac.cn/en/data/1df8f705-8a98-4ede-8de7-d065f7f674bd/
https://data.tpdc.ac.cn/en/data/1df8f705-8a98-4ede-8de7-d065f7f674bd/
https://data.tpdc.ac.cn/en/data/1df8f705-8a98-4ede-8de7-d065f7f674bd/
https://data.tpdc.ac.cn/en/data/1df8f705-8a98-4ede-8de7-d065f7f674bd/
http://asiaflux.net/index.php?page_id=1355
http://asiaflux.net/index.php?page_id=1355
http://asiaflux.net/index.php?page_id=1355
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/HEWCWM
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/HEWCWM
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/HEWCWM
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/HEWCWM
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/HEWCWM
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/HEWCWM

30 Lake Villasjon 0.17 0.7/1.3 Sweden WD; >10and < 75; > (Jammet et al., http://www.eur
IC; LF 114 and < 140 2017; Jansen et ope-
al., 2019) fluxdata.eu/pa
e21/site-
details?id=SE-
St
31 Lake Wohlen 2.5 9/18 Switzerland WD;LF > 245 (Eugster et al., ***Data
(Reservoir) 2011) available from
Werner Eugster

Theun 2 Reservoir) or removing periods when footprint was on the shore (Siberian Lake)

*QCF(2 or = 6): removing unacceptable data with quality check flags equal to 2 (EddyPro software,(LI-COR, Inc,
2021)) and = 6 (Eddy-covariance software TK3,(Mauder & Foken, 2015)) (Foken et al., 2012); WD: limitation of
the wind directions (site-specific); IC: removing periods with ice cover; P: removing periods with precipitation;
LF: removing low fluxes (u1,<0.05 m s, |H|, | E|<10 W m?); L: removing periods with floating vegetation on the
water surface (18.08.18-07.10.18; 15.05. 2019-09.09.2019; 10.07.20-05.10.20, Lake Suwa, Japan); T: removing
periods with low water level (appearance of many small islands around the measurement location in Nam

“Wind directions were removed by the owners of the dataset.
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