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ABSTRACT

Lakes and other inland waters contribute significantly to regional and global carbon budgets. Emissions from

lakes are often computed as the product of a gas transfer coefficient, k600, and the difference in concentration

across the diffusive boundary layer at the air�water interface. Eddy covariance (EC) techniques are

increasingly being used in lacustrine gas flux studies and tend to report higher values for derived k600 than

other approaches. Using results from an EC study of a small, boreal lake, we modelled k600 using a boundary-

layer approach that included wind shear and cooling. During stratification, fluxes estimated by EC

occasionally were higher than those obtained by our models. The high fluxes co-occurred with winds strong

enough to induce deflections of the thermocline. We attribute the higher measured fluxes to upwelling-induced

spatial variability in surface concentrations of CO2 within the EC footprint. We modelled the increased gas

concentrations due to the upwelling and corrected our k600 values using these higher CO2 concentrations. This

approach led to greater congruence between measured and modelled k values during the stratified period. k600
has a well-resolved and �cubic relationship with wind speed when the water column is unstratified and the

dissolved gases well mixed. During stratification and using the corrected k600, the same pattern is evident

at higher winds, but k600 has a median value of �7 cm h�1 when winds are less than 6 m s�1, similar to

observations in recent oceanographic studies. Our models for k600 provide estimates of gas evasion at least

200% higher than earlier wind-based models. Our improved k600 estimates emphasize the need for integrating

within lake physics into models of greenhouse gas evasion.
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1. Introduction

Lakes are disproportionately active sites in carbon cycling

relative to their surface area (Cole et al., 2007), and with

more accurate estimates of their numbers and surface area

(Downing et al., 2006), emissions have been found to be

significant relative to the terrestrial sources and sinks. The

global estimate for the terrestrial uptake of CO2 is 3.090.9

Pg C yr�1 (Le Quéré et al., 2009), and the global evasion

rate from lakes and reservoirs is now estimated at 0.32 Pg

C yr�1 (Raymond et al., 2013). Many of the initial efforts

demonstrating the contribution of inland waters to green-

house gas evasion were based on measurements of fluxes

with chambers on the water surface, by tracer studies, or by

computing fluxes as the product of a gas transfer coefficient

times the concentration gradient across the diffusive

boundary layer at the air�water interface (Kling et al.,

1992; Richey et al., 2002). In much of the recent effort to

place emissions from lakes into the context of regional

carbon budgets, computations were done using either a

conservative value of the gas transfer coefficient or one

based on wind speed (Cole and Caraco, 1998). Use of eddy

covariance (EC) has led to upward predictions of gas

evasion (Jonsson et al., 2008) relative to Cole and Caraco

(1998) with some studies indicating that fluxes are enhanced
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under heating (McGillis et al., 2004) and others with cooling

(MacIntyre et al., 2010). Similarly, more comprehensive

models of the gas transfer coefficient indicate that improved

accuracy may result from including other terms besides

wind when estimating fluxes (Soloviev and Schlüssel, 1994;

Soloviev et al., 2007).

The relative contribution of wind and buoyancy flux to

turbulence at the air�water interface varies with lake size

(Read et al., 2012). As small lakes are orders of magnitude

more abundant than large lakes (Downing et al., 2006),

further evaluation of their hydrodynamics as it applies to

gas flux is required. For example, in northern latitudes

many lakes are small, and in Finland �95% of the 190 000

lakes have an area B1 km2 and in total can cover locally up

to 20% of the land area (Raatikainen and Kuusisto, 1990),

and thus play an especially important role in regional

carbon cycling. As turbulence mediates gas flux across the

air�water interface (Zappa et al., 2007; MacIntyre et al.,

2010; Vachon et al., 2010), the concern has been raised as to

whether wind-speed-based parameterizations are applicable

or need to be modified for small lakes (Read et al., 2012).

By definition, at depths above the Monin-Obukhov length

scale, L, which is the ratio of u*w
3 /0.4b, where u*w is the

aquatic friction velocity, 0.4 is the von Karman constant

and b the buoyancy flux (Imberger, 1985), wind-induced

shear dominates turbulence production, whereas at depths

below it, convection dominates. If that scaling is correct,

wind shear would always be the dominant driver of

emissions. Further, if turbulence is the dominant control

on evasion at the air�water interface, a cubic dependency on
wind speed is expected (Wanninkhof et al., 2009). Thus,

with their numerical abundance in the landscape, under-

standing operative processes at the air�water interface in

small lakes requires studies which quantify wind shear and

buoyancy flux, and determines the relative contribution of

each to the gas transfer coefficient.

Wind and cooling moderate gas transfer to the air�water
interface. Their relative contribution has not been addressed

for small lakes. The effect of wind on different strata can be

predicted from the Wedderburn number, W, or its integral

form, the Lake number, LN, which indicates the degree of

thermocline tilting as a function of wind speed, the density

gradient across the thermocline and basin morphometry

(Imberger and Patterson, 1990). For high values ofW, wind

will only stir near surface waters. As W decreases below

about 10, the thermocline begins to tilt. For WB3, mixing

is anticipated near the margins; for W51, full upwelling is

predicted plus considerable mixing throughout the thermo-

cline and into the mixed layer (Monismith, 1985; MacIntyre

et al., 1999; Horn et al., 2001; Boegman et al., 2005). The

thermals produced during convection penetrate throughout

the mixed layer and can cause entrainment of waters with

higher concentrations of dissolved gases to the air�water

interface (Crill et al., 1988; Eugster et al., 2003). Time series

studies in small arctic lakes, with their reduced density

difference across the thermocline, demonstrate that thermo-

cline tilting and exchange between the upper mixed layer

and more stratified layers can occur frequently, and mixed

layer deepening and entrainment by convection are likely

during cloudy conditions (MacIntyre et al., 2009). For

boreal lakes, the density gradient across the thermocline will

be larger in summer, but during fall cooling as it decreases,

internal wave motions and convection could both contri-

bute in bringing dissolved gases to the air�water interface
and thus mediate increased fluxes.

EC systems, with their direct continuous measurements of

flux (F), enable improved estimates of gas transfer coeffi-

cient, k (Eugster et al., 2003; Nordbo et al., 2011; Vesala

et al., 2012). Using inverse procedures, the gas transfer

coefficient k is computed as k�F/(caq�ceq), where caq
is concentration of the dissolved gas in water and ceq is the

concentration in the water in equilibrium with the atmo-

sphere. The gas transfer coefficient is generally normalized

to CO2 at 208C and called k600. For the inverse procedure to

be accurate in lakes, the footprint of the system must not

reach onto the surrounding land (Eugster et al., 2003; Vesala

et al., 2006), and the measurement of water concentration

must be representative of the full footprint. In most cases,

dissolved gases are only obtained at one location, although

there are a number of studies which illustrate the spatial

variability of dissolved gases (Roland et al., 2010; Rudorff

et al., 2011; Abril et al., 2013). Spatial variability is expected

if wind induces tilting of the thermocline, and some gases are

mixed into themixed layer either with the initial wind forcing

or when the thermocline rebounds on cessation of the wind.

Spatial variability would also result if the mixing from

nocturnal cooling, which brings dissolved gases to the air�
water interface (Crill et al., 1988), penetrated to different

depths as would be expected if some parts of a lake basin

were more exposed to wind and with concomitant higher

evaporation rates. Lastly, processes such as differential

cooling would bring gases produced nearshore to offshore

sites where they could be mixed vertically by convection.

Hence, evaluation of the accuracy of estimates of k600 from

EC systems must consider whether spatial heterogeneity in

gas concentrations has confounded the estimates.

Here we present results of a study using EC to quantify

evasion of CO2 and the gas transfer coefficient in a small

boreal lake during fall cooling. We developed an equation

for the gas transfer coefficient based on boundary-layer

theory, which took into account both wind speed and

buoyancy flux. This equation is independent of the empiri-

cism inherent in applications of the surface renewal model

which currently rely on similarity scaling from ocean sites

for estimates of turbulence (MacIntyre et al., 2001, 2010;

Eugster et al., 2003; Read et al., 2012). We evaluated the
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new model and k from the surface renewal model and from

regression equations in MacIntyre et al. (2010) relative to k

from the EC system. With this approach, and computation

of the Wedderburn and Lake numbers plus cooling, we

were able to evaluate the accuracy of our modelling and

assess whether gas concentrations were sometimes higher in

the EC footprint due to quantifiable within lake motions.

We evaluate the measured k600 during different conditions

and compare it to the wind-based equation (Cole and

Caraco, 1998) used in regional carbon budgets. With these

combined approaches, we assess the physical processes

which need to be included in modelling greenhouse gas

evasion in small lakes.

2. Site and methods

2.1. Field site

The fieldwork was carried out in Finland in the humic Lake

Kuivajärvi (61850? N, 24817? E) in Hyytiälä [Station for

Measuring Forest Ecosystem�Atmosphere Relations

(SMEAR) II]. The site is part of the ICOS (Integrated

Carbon Observation System) measuring network, and the

carbon and energy exchange between the forest and atmo-

sphere at the site has been intensively studied (e.g. Kolari

et al., 2009; Launiainen, 2010). The lake has an area of

63.8 ha and a catchment area dominated by a managed

Scots pine (Pinus sylvestris L.) forest. Lake Kuivajärvi is a

long and narrow north�south-oriented lake (Fig. 1), and

with two distinct basins. The deeper south basin reaches a

maximum depth of 13.2 m, making Kuivajärvi deeper than

most lakes in Finland, since the mean value of the

maximum depths of Finnish lakes is 8.2 m (Kortelainen

et al., 2006). Lake Kuivajärvi is in the upper part of the

Kokemäenjoki River basin, which drains to the Bothnian

Sea in the northern part of the Baltic Sea.

The measurements were taken on a platform situated in

the middle of the lake. The fetch is longest at the platform

when the wind blows from 3208 to 3508, approximately

1.8 km, or from 1308 to 1808, approximately 0.8 km. From

other directions, the fetch is only 0.4 km at maximum.

2.2. Measurements

The measurements were carried out from 9 August to

30 November 2011; that is, they covered the end of

the summer stratification period as well as the period of

autumn overturn.

The EC measuring system on the platform was com-

prised of a Metek ultrasonic anemometer (USA-1; Metek

GmbH, Elmshorn, Germany), which measured the three

Fig. 1. Contour map and wind rose for Lake Kuivajärvi. The location of the platform is indicated with the white cross. The wind

directions in degrees are on the circumference and the lengths of the blue arrows indicate the wind speeds (m s�1).
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wind speed components and an enclosed path infrared gas

analyzer LI-7200 (Li-Cor, Inc., Lincoln, NE, USA). The

measuring height, zm, was 1.5 m above the water surface.

The length of the polytetrafluoroethylene (PTFE) sampling

tube was 1.8 m and the inner diameter was 8 mm. The flow

rate was 12 L min�1, providing a turbulent flow. The tube

was heated (3 W m�1) to avoid condensation. Sampling

frequency was 10 Hz. The micrometeorological fluxes were

calculated following Mammarella et al. (2009) and Aubinet

et al. (2012). Several quality-screening criteria were applied

to the EC data, including the flux stationarity test (Foken

and Wichura, 1996), limits for skewness and kurtosis of

scalar quantities and vertical wind velocity, as well as visual

inspection of power spectra and cospectra. Much of the

data during light winds and cooling did not pass the

stationarity tests, zm/L��0.55, and was not considered in

the analysis. Therefore, most of the nightly data early in the

period were missing. EC data post-processing and adopted

quality criteria follow those used in Vesala et al. (2006) and

Nordbo et al. (2011).

We obtained continuous measurements of water column

concentrations of CO2 at depths of 0.2, 0.5, 1.0 and 3.0 m by

using a similar measuring system as Hari et al. (2008), in

which a continuous airstream was circulated with a dia-

phragm pump (KNF Neuberger Micro gas pump; KNF

Neuberger AB, Stockholm, Sweden) in a closed loop. The

system consisted of gas-impermeable tubing (stainless steel

and Teflon), a CO2 analyzer (CARBOCAP† GMP343;

Vaisala Oyj, Vantaa, Finland), semipermeable silicone

rubber tubing with 1.5-mm wall thickness (Rotilabo 9572.1;

Carl Roth GmbH & Co. KG, Karlsruhe, Germany) for gas

collection and the pump. The semipermeable tubing was

placed at the respective measuring depths. The gas col-

lection tubing, CO2 analyzer and pump were connected

with gas-impermeable tubing. The gas concentrations in

the continuous airstream within the loop equilibrated with

those in water around the semipermeable tubing; thus,

the CO2 concentration in the water could be continuously

measured in the gaseous phase. The silicone rubber was

cleaned weekly during the open-water period by gently

scrubbing the surface, and the rubber was entirely replaced

every other month. The data were logged at 1-minute

intervals. We additionally measured CO2 profiles at weekly

intervals using the head space method (López Bellido et al.,

2009).

For water temperature measurements, a chain of Pt100

temperature sensors was installed with sensors at depths of

0.2, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 6.0, 8.0 and

10 m to continuously record water temperature. The sen-

sors were new and calibrated at the factory. The accuracy

of the sensors is 0.28C and the response time 15 second, the

data was recorded at 0.18C resolution, the logging interval

5 second and the values at 0.2 m were used to represent

surface water temperatures in the calculations. The incom-

ing and outgoing longwave and shortwave radiation was

measured with a CNR-1 net radiometer (Kipp & Zonen

B.V., Delft, The Netherlands).

2.3. The measured gas transfer velocity

The gas transfer velocity was calculated from measure-

ments as:

k ¼
FCO2

caq � ceq

; (1)

where FCO2
is the EC CO2 flux, caq is the surface water CO2

concentration and ceq is the equilibrium CO2 concentration.

Assuming that standard conditions prevail, the atmo-

spheric pressure of CO2 can be calculated as follows:

pCO2
¼ vCO2

patm; (2)

where vCO2
is the mole fraction of CO2 (given by the EC),

and patm is the atmospheric pressure (�1 atm). The

equilibrium concentration of CO2 (mol L�1) in the surface

water is calculated using Henry’s law:

ceq ¼ pCo2
kH ; (3)

where kH is the Henry’s law constant at the surface water

temperature. For ceq in g m�3, the results must be

multiplied with the molar mass of CO2, thus resulting in

the following final equation for equilibrium concentration:

ceq ¼ pco2
kH MCO2

; (4)

The calculations for the bulk CO2 concentrations in

water, caq, were made as with the equilibrium concentration

in eqs. (2) and (4), and the mole fraction of CO2 was from

the Vaisala probes. We used the data from the 0.2 m probe

as the surface CO2 concentration, but we also computed

expected CO2 concentration within the footprint taking

into account the extent of thermocline deflection based on

calculations of the Wedderburn and Lake numbers and our

estimates of the depth of the actively mixing layer, and

denote the gas transfer velocities obtained as ksite and kfp,

where site stands for measurement site and fp for footprint.

The Wedderburn number is a dimensionless ratio of the

density stratification to the wind forcing and aspect ratio of

the lake (Monismith, 1986):

W ¼ Dqgh2
1

q0L1u2
�w
; (5)

where Dr is the density difference between the epilimnion

and the hypolimnion, r0 the mean density of the water

column, g the acceleration due to gravity, h1 the depth of

the epilimnion, L1 the length of the lake and u*w the friction
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velocity in water. A related index is the Lake number

(Imberger and Patterson, 1990):

LN ¼
gS 1� Z t

H

� �
q0u2

�wA1:5 1� Z g

H

� � ; (6)

where S is the overall stability of the lake, zt the height of

the centre of the metalimnion, H the depth of the lake,

A the lake area and zg the height to the centre of the volume

of the lake. LN, similarly to W, captures the influence of

stratification, wind stress, and basin morphometry, and we

use the indices identically in the following (MacIntyre et al.,

1999). For W of order 1, CO2-rich metalimnetic waters

would reach the surface. For partial upwelling with cooling

either during or after the event, convection would mix

water with higher CO2 concentrations into the upper mixed

layer. For this purpose, we derived an equation which

predicts the depth, zE, where E denotes for entrainment, at

which the CO2 might reach the surface:

zE ¼
h1

W
þ zAML; (7)

where h1/W is the maximum thermocline displacement

(Monismith, 1986; Horn et al., 2001) and zAML the depth of

the actively mixing layer. The zAML has been defined

operationally as the depth in which the temperature is

within 0.028C of the surface temperature (MacIntyre et al.,

2001; Rueda and MacIntyre, 2009). Due to the precision of

our thermistors, we calculated zAML as the depth within the

upper water column where the temperature was within

0.258C of the surface temperature. In calculating corrected

k, the CO2 concentration from zE was used as caq with a

rough assumption that when the deeper CO2 mixed to the

surface waters, the CO2 concentration would remain high

for 7 hours. This time step was half the period of the

dominant internal waves in the thermocline and approxi-

mately 2 hours longer than the transit time from the

northern extent of upwelling to our measurement site

assuming current speeds of 0.05 m s�1. Since Lake

Kuivajärvi has two distinct basins, we used only the length

of the southern basin in the W calculations, that is, L1�
1.7 km, and the hypsographic curve for the southernmost

basin in calculating LN.

2.4. The model derived in this study

The gas transfer velocity can be defined as:

k ¼ D

z
; (8)

where D is the diffusion coefficient for a given gas in water

and z the mass boundary-layer thickness (Jähne and

Haußecker, 1998). The thickness of the sublayer in which

molecular diffusion exceeds turbulent diffusion can be

defined as (Fairall et al., 2000):

z ¼ k
v

u�
Sc�

1
2; (9)

where l is an empirically determined coefficient, n the

kinematic viscosity of water, u* the friction velocity and

Sc the Schmidt number.

The wind-induced water friction velocity and heat-

induced water convective velocity were coupled as total

water velocity by Jeffery et al. (2007):

V 2 ¼ u2
ref þ C2w�ð Þ2; (10)

where uref is the wind-induced water velocity at some

reference depth, w* the waterside convective addition to

water velocity and C2 an empirical coefficient. We wanted

to provide a simple model, which could be implemented

without the knowledge of, for example, surface roughness;

therefore, in this study, we used a simple linear relationship

between the wind speed and wind-induced water friction

velocity:

uref ¼ C1U ; (11)

where C1 is an empirical constant computed using a fixed

drag coefficient and ratio of density of air and water, and

U the measured wind speed.

When k is modelled as a function of wind speed, the

water movement is assumed to be only wind-induced, as

indicated by u* in eq. (9). When the effect of heat flux is

also accounted for, the total water velocity, V, should be

used instead of u*. Thus, the new equation for total k

derived from eqs. (8)�(11) is (l was set to unity):

kUw ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C1Uð Þ2þ C2w�ð Þ2

q
Sc�

1
2; (12)

The dimensionless constants C1 and C2 were fitted to

the data with values 0.00015 and 0.07, respectively. The

penetrative convective velocity w* was estimated according

to Imberger (1985):

w� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�bzAML

3
p

; (13)

where b is the buoyancy flux, which was calculated as in

Imberger (1985):

b ¼
gaHeff

q0Cp

; (14)

where a is the coefficient of the thermal expansion of water,

Heff the effective heat flux and Cp the specific heat of water

at constant pressure. Heff is the sum of latent and sensible

heat flux, net longwave radiation and the portion of the

shortwave radiation, which is trapped to the mixing layer

(Imberger, 1985).
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2.5. The models for gas transfer velocities used in

comparison

We applied the surface renewal model, k600�c1*(ov)0.25

Sc�1/2, in which water friction velocity and buoyancy

flux are used to estimate the rate of dissipation of tur-

bulent kinetic energy, o, and n is kinematic viscosity, to

estimate the gas transfer velocity (MacIntyre et al.,

2010):

kSR ¼ c1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 �bð Þ þ c3

u3
�w

kz

� �
v

4

s
Sc�

1
2; (15)

where the dimensionless constants c1, c2, c3 were fitted to

the corrected k values and we obtained coefficients 0.50,

0.77 and 0.3, respectively, and the depth z was used as

constant, 0.15 m. The u*w was calculated, accounting for

atmospheric stability, as (Deacon, 1977):

u�w ¼ u�a

ffiffiffiffiffi
qa

qw

r
; (16)

where u*a is the atmospheric friction velocity, ra the density

of air and rw the density of water.

We also used the model by Cole and Caraco (1998):

kCC ¼ 2:07þ 0:215U1:7
10 ; (17)

where U10 is the wind velocity at 10 m, derived from the

measured wind velocity at 1.5 m, as U10�1.22U (Cole and

Caraco, 1998).

The k value was also estimated from a regression model

by MacIntyre et al. (2010), where the U10 has the units of

m s�1, resulting in k in units of cm h�1:

kRA ¼
2:04U10þ2:0; bB0

1:74U10�0:15; b�0

n
; (18)

All models were fit to the in situ temperature with the

Schmidt number correction (Jähne et al., 1987).

3. Results

3.1. The environmental conditions and CO2 flux

As expected with fall cooling, air and surface water

temperatures declined during the full study with air

temperatures typically less than surface water temperatures

(Fig. 2a). The concentration of CO2 in the surface water

was initially below 1000 ppm (Fig. 2b), then fluctuated

between 1000 and 1500 before reaching near steady values

Fig. 2. (a) The measured surface water temperature (8C, red line) and air temperature (green), (b) the surface water CO2 concentration

(ppm), (c) the atmospheric CO2 concentration (ppm), (d) the sensible (red) and latent (green) heat flux (W m�2), (e) the net shortwave (red)

and longwave (green) radiation (W m�2), and (f) the precipitation (mm h�1). The x-axis is the day of year in all the graphs and the values

are 0.5 hour averages.
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of 1500 ppm, and then declined again to 1000 ppm. These

variations were related to lake physics, as will be discussed

later. The concentration of CO2 in the atmosphere was

near 360 ppm during daytime, rose to over 400 ppm during

night in the first half of the measurements, and settled to

�390 ppm by the end of season. Occasionally, atmo-

spheric CO2 concentrations of �500 ppm were measured

at night. These occurred when winds rotated (Fig. 3f) and

thus probably are an artefact of respiration from nearby

forest. These values were discarded and k was not

computed for such periods.

The components of the surface energy budget contributed

in different ways to fall cooling. In general, the sensible heat

flux was small, from �40 to 20 W m�2 (Fig. 2d). The

sensible heat flux tended to be negative with some positive

values when the lake was warming, for example, on days

238�240, 273 and 306. With positive values, we indicate a

flux to the lake, while negative values signal flux to the

atmosphere. The latent heat flux (Fig. 2d) varied between

�300 and 0 W m�2 during the first month and became

negligible when surface water temperatures were low.

Maximum net shortwave radiation (Fig. 2e) was around

800 W m�2 during daytime at the beginning of the mea-

surements, then steadily declined to B50 W m�2. The net

longwave radiation (Fig. 2e)was always negative, occasionally

up to �120 W m�2, but on average �32 W m�2. There

were occasional rains (Fig. 2f), of which the most distinct

event was the period of 2 weeks beginning on day 254.

However, although it was raining every day during that time,

the intensities were typically low, that is, B4 mm h�1.

The CO2 flux was negative all the time (Fig. 3a); that is,

the lake was a source of CO2 to the atmosphere. In the first

half of the measurements, the flux varied in general

between �10 and 0 g CO2 m
�2 day�1, with occasionally

higher values. During the second half, the CO2 effluxes

tapered off, in general B3 g CO2 m
�2 day�1 after day 280.

Overall, the CO2 efflux was B7 g CO2 m
�2 day�1 about

90% of the time. The effective heat flux was largely

negative during fall cooling with diel cycles of heating

and cooling more common early in the study when solar

radiation was higher (Fig. 2e, 3b). On average the effective

heat flux was ca. �60 W m�2 in the first half, and �30 W

m�2 during the second half of the study. The wind speed

varied from 0.1 to 8.4 m s�1 (Fig. 3c). About 50% of the

time the speed was B1.6 m s�1, 65% less than 2.0 m s�1,

and B3.0 m s�1 about 85% of the time. There was

significant channelling in the wind direction over the lake

(Fig. 1); that is, 55% of the time the wind blew from the

south (1208�1808) and 30% from the north (3008�3608),
but there were periods when the wind rotated, for example,

Fig. 3. Time series of half hour averages of (a) CO2 flux (g CO2 m
�2 s�1), (b) the effective heat flux (W m�2), (c) wind speed (m s�1),

(d) wind direction, (e) Wedderburn number, and (f) atmospheric stability parameter (positive values are on red and negative on blue).
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on days 222�226, 253�255 and 312�325 (Fig. 3d). Typical

of these periods, wind speeds were also low. There were five

periods of stronger winds when the wind speeds were close

to or exceeded 6 m s�1. Three of the most distinctive

periods were in the second half of the study, the first on

days 286 and 287, second on 291�293 and the last on

308�310. The Wedderburn number was calculated for the

period of seasonal stratification (Fig. 3e), with, as expected,

low values when wind speeds were high. Before day 255,

when wind speeds were �4 m s�1, W declined to B5, as is

seen, for example, on days 221�222, 228, 233�234, 241 and

247, and on days 248�249 when U�5 m s�1, W was B2.

Values of LN were slightly lower (data not shown) and

supported the interpretation that internal wave induced

mixing was likely whenever WB5. After day 255, as the

lake continued to cool and the temperature gradient

between epilimnion and hypolimnion reduced, W often

dropped to B2 when winds rose �4 m s�1, that is, on

days 255�256, 258�259, 262, 265�267, 273�277, 279

and 283.

The stability parameter zm/L (Fig. 3f), where L is the

Monin-Obukhov length scale in the atmosphere, was

typically between �2 (unstable conditions) and �0.01

(near-neutral conditions). There were some periods when

the lake was heating and the zm/L was positive, being then

in general from 0.2 (slightly stable conditions) to 0.001

(neutral conditions). High heat loss co-occurred with

low winds speeds at night early in the study, when the

atmosphere above the lake was unstably stratified, and

zm/L wasB�0.55. Most of these data at such times were

discarded due to strict quality criteria. During periods of

higher wind speed, near-neutral conditions (absolute value

of zm/LB0.05) were observed.

In early August, there was a strong seasonal thermocline

between 5 and 9 m depth with temperature difference

across it of about 88C. The temperature in the upper mixed

layer was about 188C (Fig. 4a). The seasonal stratification

decreased as the lake cooled, and the mixed layer deepened.

The CO2 concentrations in the mixing layer were around

800 ppm in the beginning of the measurements (Fig. 4b).

There are four distinct periods of upwelling from the

thermocline to the mixed layer on days 221�253. All of

these events were related with W dropping to B5, and with

concomitant cooling, the entrainment led to increased sur-

face water CO2 concentrations, as seen on days 228�229,
233�235, 241 and 248�251.
Concentrations of CO2 in the surface water were variable.

Increases were sometimes explained by upwelling, but at

other times decreases occurred (e.g. day 258). One explana-

tion could be dilution from rain fall. Alternatively, the

decrease could be from advection. Wedderburn numbers

dropped to 2 on day 256 and as the thermocline relaxes after

such events, water from elsewhere in the basin can be

advected into the measurement region contributing to

variability in concentrations.

Fig. 4. (a) Isotherms (8C, 10-minute averages) and (b) isopleths of CO2 concentrations (ppm) in the water column during seasonal

stratification. The CO2 data for 0�3 m are from Vaisala probes (0.5-hour averages) and for depths beyond that from headspace samples

(weekly data). Temperatures were measured to a depth of 10 m, whereas the CO2 measurements were to 11 m.
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When the upper mixed layer deepened to over 8 m on

day 266, the CO2 rich hypolimnetic waters mixed with

epilimnetic waters, and CO2 concentrations increased to

values �1400 ppm. After day 285 the whole lake water

column was nearly isothermal, the water temperature was

78C, and CO2 concentrations had decreased such that

values were close to 600 ppm in the water column before ice

on in early December.

3.2. The measured and modelled gas transfer velocities

We used two approaches to calculate the k using the EC

data. The first was with the measured surface CO2 con-

centrations at the measurement site [eq. (1), Fig. 5a, dashed

red line, ksite], and the second was based on the estimated

surface CO2 concentrations in the EC footprint in which caq
in eq. (1) are concentrations at depth zE estimated from the

Wedderburn number (Fig. 5a, solid blue line, kfp), see

section 2.3 for details. Both k were high in the first half of

the measurements, ksite being on average 7.5 cm h�1 and kfp
6.4 cm h�1 and ranged from near zero to over 25 cm h�1.

As a response to diurnal heating and nocturnal cooling,

effective heat flux and atmospheric CO2 concentrations

varied over diel cycles. During the stratified period, using

CO2 concentration from depth zE reduced the number of

times when k values were outside typical ranges (Banerjee

and MacIntyre, 2004). We recorded during light winds 104

events with ksitewhen k�15, and only 49 similar events with

kfp. When heat flux declined and variability decreased after

day 293, the variation in k was reduced. Values of both ksite
and kfp decreased towards the end of the measurements and

were identical after day 285 when measured CO2 concentra-

tions were near uniform. Two example periods of measured

and modelled k are discussed in more detail later.

To determine conditions when buoyancy flux makes a

considerable contribution to mixing relative to wind in the

actively mixing layer, we contrasted convective and aquatic

friction velocities (Fig. 5b). To determine whether buoy-

ancy flux contributes appreciably to the gas transfer

coefficient, we compared the wind shear term and the

buoyancy term in our new model, kUw (Fig. 5c) and with

the scaling in the surface renewal model, kSR (Fig. 5d).

Early in the study, u*w and w* were similar in magnitude

(Fig. 5b). Typically, at night during the first half of the

measurements, w* was high, �0.004 m s�1, and u*w low,

B0.002 m s�1, indicating that convective mixing would

distribute dissolved gases throughout the mixed layer. In

the daytime, the buoyancy flux was typically positive and

the w* equalled zero by definition. When the heat flux

decreased towards the end of the season, w* was B0.002 m

s�1. During high wind events, the u*w reached or exceeded

0.01 m s�1, indicating wind was more effective in mixing as

surface water temperatures cooled. The wind parameter in

kUw was typically B0.5*10�6 m2 s�2, except when winds

Fig. 5. Half hour averages of (a) ksite (cm h�1, red dashed line) and kfp (solid blue line), (b) the aquatic friction velocity (blue line, m s�1)

and the convective velocity (green, m s�1), and the wind parameter (blue) and the heat flux parameter (green) in kUw (c, 106 m2 s�2) and

kSR (d, 1012 m4 s�4).

EFFECTS OF INTERNAL WAVES ON GAS TRANSFER 9



rose �5 m s�1, resulting in values �10�6 m2 s�2, as seen

on days 249, 280, 286, 292 and 332, and all these events

were also visible as peaks in the k data. The heat flux pa-

rameter in kUw followed the pattern of convective velocity

(Fig. 5b), and when the parameter values were high, for

example, �0.15*10�6 m2 s�2 during days 240�249, also
the k tended to be high, around 10 cm h�1. Thus, with the

scaling in kUw, the buoyancy flux term contributes to the

gas transfer coefficient. The wind parameter in the surface

renewal model responded to rising winds as seen for ex-

ample, on days 249, 286 and 292 when winds of �7 m s�1

resulted in parameter values reaching or exceeding 2*10�11

m4 s�4. The heat flux parameter in kSR also followed the

pattern observed in w*. However, it was always at least one

order of magnitude smaller than the wind parameter, with

only occasional exceptions very early in the study when

both parameters were of equal magnitude. As a result of

the different scaling, buoyancy flux had larger contribution

in kUw than in kSR. The accuracy in the different weighting

approaches between kUw and kSR are important for

assessing the generality of the surface renewal model and

will be discussed later.

Results from the models of k, that is kUw, kSR, kRA and

kCC [eqs. (12, 15, 18 and 17)], are contrasted with ksite and

kfp during stratified (Fig. 6) and unstratified (Fig. 7)

conditions. Until day 244, the ksite and kfp were almost

identical, and the values were close to the modelled k. Prior

to 244, winds were southerly with a diel cycle with stronger

winds in the day and weaker winds at night and the lake

gained heat at daytime, sometimes even over 200 W m�2

and lost heat at night. On day 244, winds shifted to

northerly and were steady for three days, U �2 m s�1.

Also, the lake was cooling continuously. Lake numbers

dropped to a value of 2 on day 244, and high frequency

non-linear internal waves occurred in the upper thermo-

cline between days 244 and 246. These waves are indicative

of wind speeds relative to stratification being high enough

to cause thermocline tilting. Concomitantly, the actively

mixing layer deepened (Fig. 4a), indicating entrainment of

metalimnetic waters to the surface. When measured surface

CO2 concentration was used in k calculations, many times

very high k, k�15, were observed and the average value

between days 244 and 247 was 10.7 cm h�1 with ksite (Fig.

6, dashed line). When we assume that entrainment had

occurred at the EC footprint and CO2 concentrations had

mixed and were equal to those at zE, almost all the very

high k were gone, and kfp (Fig. 6, blue line) was similar to

the values modelled, and the mean k dropped to 7.6 cm

h�1, which was nearer the modelled average of 5.4 cm h�1

with kUw and kSR.

After this period, the winds started to rise, first reaching

5 m s�1 on day 248 and then one of the highest winds

measured in this study, over 8 m s�1 on day 249. During

both of these days, very high k were measured with ksite,

but when the decrease in W and entrainment from

convection was considered (Fig. 4b), kfp was more similar

to modelled k than ksite. Overall, the models kUw, kSR and

kRA performed very similarly during this example period,

whereas kCC was about half of the other models’ estimates.

The second example (Fig. 7) is from late autumn (days

300�320), when the heat flux was already very low, around

30 W m�2 from day 300 to 313, after which it dropped to

about �50 W m�2. During this period, with ksite and kfp
identical, the measured k followed the patterns observed in

wind speeds, for example, as seen on days 300�301 and

308�310 (Fig. 3c, 7 blue line) and when strong winds of �4

m s�1 prevailed, the measured k stayed high, �10 cm h�1.

During the second example, kUw performed quite simi-

larly to kRA, and closely followed the measured k. The kSR
quite constantly overestimated the measured k by 2 cm h�1

except in the event of high winds on days 309�310, when
kSR was close to the measured k. The kCC was almost all the

time B2 cm h�1 with the exceptions at strong winds, for

example, on days 309 and 310 when it rose to 4 cm h�1.

However, kCC was still underestimating the measured k by

a factor of 2.

Fig. 6. Half hour averages of ksite (black, dashed line, cm h�1) and kfp (blue line), and the modelled gas transfer velocities with

kUw (green), kSR (red), kRA (turquoise) and kCC (purple) during days 237�250.
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With respect to the study as a whole, the models kUw, kSR
and kRA performed similarly and the comparison was

better with kfp than with ksite. Virtually all of the very

high k values with ksite were well above the modelled values,

whereas when the CO2 concentration correction from

entrainment was accounted for in kfp, many of the very

high k decreased to the same range as the modelled k. This

congruence supports our approach for estimating CO2

concentrations in the EC footprint. The regression model,

kRA, and the surface renewal model had similar patterns to

kUw and were more closely aligned when winds increased

than during light winds with heat loss. Under such cases,

kUw almost always provided the highest values, but

regrettably these were also the occasions when most of

the k data did not pass the quality tests and no reliable

comparison could be made with the measured k. The kCC
was quite steadily �2 cm h�1, rising only when winds rose,

and even during those conditions kCC was lower by a factor

of two relative to other modelled and measured k. The

average value for k was 4.2, 5.5, 4.2 and 2.2 cm h�1 with

kUw, kSR, kRA and kCC, respectively, and 6.0 and 5.2 with

ksite and kfp, respectively.

Comparisons of themodelled k against kfp (Fig. 8) showed

similar performance for kUw (Fig. 8a), kSR (Fig. 8b) and kRA
(Fig. 8c) and two-fold higher modelled estimates than with

kCC (Fig. 8d). When kfp was B8 cm h�1, the relation to the

modelled k (kUw, kSR, kRA) was close to linear, with greater

linearity under heating conditions (data not shown). Once

kfp exceeded 8 cm h�1, the modelled k values were under-

estimations. The kCC (Fig. 8d) underestimated kfp essentially

all the time. The higher kfp relative to the models based on

wind speed and buoyancy points either to the models not

capturing an important aspect of the physics at the air�
water interface or to continued underestimation of the

CO2 concentrations within the EC footprint.

We obtained different relations for wind speed and k600fp,

kfp after Schmidt number correction to CO2 at 208C, during
the stratified and unstratified period, when heat flux was

negligible. During the stratified period (Fig. 9a), median

values and the 25 and 75% values for k600fp showed a weak

dependency on wind speed until winds reached 6 m s�1,

with median k600fp from 5 to 9 cm h�1. This pattern was

evident for both heating and cooling conditions, but the

median values were �5 cm h�1 under heating conditions

and �8 cm h�1 under cooling conditions (data not shown).

We obtained the same results using Lake numbers with their

slightly larger predicted thermocline tilt (data not shown).

The trend is similar to McGillis et al. (2004), which

predicted high continuous k even at low winds. In contrast,

during the unstratified period (Fig. 9c), the data showed a

power law dependence similar to McGillis et al. (2001), with

median k600fp of 3 cm h�1 forUB3 m s�1. During seasonal

stratification, k600fp had a linear relation to the effective heat

flux during cooling conditions, kfp��0.026Heff�6.0 (Fig.

9b), and no relation during heating. During autumn over-

turn, when the heat fluxes were quite small, no trend was

visible between Heff and k600fp (Fig. 9d).

Evaluation of the relations between environmental para-

meters, the different models for k, and the kfp with the

Pearson correlation (Table 1) showed good comparisons

between models and a strong influence of wind in all

seasons. For the full period, the correlations of the various

models with kfp varied between 0.48 and 0.62 and were

slightly higher than those with wind alone (Table 1). The

correlations between the kfp and effective heat flux, w* and

buoyancy flux were �0.47, 0.32 and �0.47, respectively,

during cooling periods. All the models performed best

during autumn overturn, when the correlation with kfp
was �0.6, and the correlation between kfp and wind speed

was 0.61. The poorest correlations between the models and

kfp were during seasonal stratification, when the environ-

mental drivers, wind speed and heat flux, had low correla-

tions with kfp, 0.29 and �0.32, respectively. Since there was

a trend between heat flux and k600fp (Fig. 8b), the low

correlations were related to high scatter in kfp, which was

related to both the highly varying conditions within the lake

Fig. 7. Half hour averages of kfp (blue line, cm h�1), and the modeled gas transfer velocities with kUw (green), kSR (red), kRA (turquoise)

and kCC (purple) during days 300�320.
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(Fig. 3e, 4) and EC random uncertainty, which is about 30%

with 0.5-hour averaged CO2 fluxes. Again, the k data were

mostly discarded during high heat loss and low winds, which

confounds the correlation between kfp and heat loss

expected fromMacIntyre et al. (2010) andRead et al. (2012).

4. Discussion and conclusions

Our comparison of the relation between k600 and winds

during the unstratified and stratified periods on Lake

Kuivajärvi allows generalities which will apply to other

lakes. During the unstratified period, the dependence on

wind speeds occurred over a larger range of winds with the

power law dependence greater than quadratic. These results

point to turbulence controlling the gas transfer coefficient

(Wanninkhof et al., 2009). The intercept for low winds is

similar to the values in McGillis et al. (2001) and 50%

higher than in Cole and Caraco (1998). During the

stratified period, k600 did not depend on wind speed until

winds reached approximately 6 m s�1. The median k600

Fig. 8. The kfp (cm h�1), 0.5 hour averages, plotted against (a) kUw, (b) kSR, (c) kRA and (d) kCC. The central red line of the box is the

median, the edges of the box the 25th and 75th percentiles, the whiskers show the extreme values (92.7s) and the black crosses are

remaining outliers. The data were binned by kfp, every 1 cm h�1, and the bins from 1 to 7 contain about 200 data points, bins 8�13 about

100, bins 14�18 about 50, and bins 19�25 less than 20 data points.
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values were of order 6�9 cm h�1 at wind B6 m s�1,

similar to that observed by McGillis et al. (2004). The k600
values depend also on the magnitude of buoyancy flux

under cooling and are independent of buoyancy flux under

heating. The combination of rigorous quality control of

our EC data, and our derivation of k which includes

modification of gas concentrations induced by thermocline

upwelling led to improved estimates of k600. Therefore,

we conclude that the dependency of k600 on wind speed

observed here and similar to observations in McGillis et al.

(2001) is correct under unstratified conditions and stratified

conditions with heating. In contrast, under cooling and for

winds up to �6 m s�1, median k600 values were of order

7 cm h�1. While these results are similar to observations of

McGillis et al. (2004) in an oceanic study, it is uncertain

whether the enhancement under cooling conditions was due

to a stronger contribution of buoyancy flux than captured

in our models or whether it was due to not fully capturing

the spatial variability of CO2 concentrations in the EC

footprint. Our measured mean gas transfer velocity for the

Fig. 9. The k600fp (cm h�1), which is kfp after Schmidt number conversion, plotted against wind speed (m s�1) during (a) seasonal

stratification (days 220�270) and (c) autumn overturn (days 290�335) and against the effective heat flux (W m�2) during (b) seasonal

stratification and (d) autumn overturn. Also the regression of Cole and Caraco (1998) (purple line); Crusius and Wanninkhof (2003),

k�0.168�0.228 (U10)
2.2 (turquoise); Wanninkhof (1992), k�0.45(U10)

1.64 (red); McGillis et al. (2001), k�3.3�0.026(U10)
3 (black) and

McGillis et al. (2004), k�8.2�0.014(U10)
3 (blue) are presented in (a) and (c). The same statistical approach was used as in Fig. 8. In (a) and

(c), the data were binned by wind speed, every 1 m s�1, and the bins from 0 to 8 contain about 300, 800, 600, 400, 200, 100, 30, 10 and 5

data points, respectively. In (b) and (d), the data were binned by heat flux, every 50 W m�2. The bins from �350 to 250 in (b) contain

about 5, 10, 20, 50, 200, 400, 400, 200, 100, 50, 20, 10 and 10 data points, respectively, and the bins from �200 to 150 in (d) contain about

3, 50, 200, 500, 900, 100, 10 and 2 data points, respectively.
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whole study period was ksite�6.0 cm h�1, kfp�5.2 cm

h�1, and kUw and kRA were �4 cm h�1, that is, two times

kCC of 2.2 cm h�1. These differences support recent work

indicating results obtained using Cole and Caraco (1998)

are underestimates (Rudorff et al., 2011), but see Schilder

et al. (2013) and Vachon and Prairie (2013).

While wind was the dominant driver of the gas flux

during overturn and at high winds, U�6 m s�1, winds

were B6 m s�1 over 95% of the time. Our results indicate

that there is uncertainty in estimates of k600 during cooling,

and that continued effort to address this issue is required.

Since low winds are a norm on small, sheltered lakes, and

small lakes are orders of magnitude more abundant than

large lakes (Downing et al., 2006), such effort is essential.

Our study indicates that Wedderburn numbers drop to

values indicative of thermocline tilting and non-linear wave

formation in small boreal lakes during fall cooling. Con-

sequently, internal wave induced motions as well as con-

vection from cooling deliver greenhouse gases as well

as other dissolved substances to the upper mixed layer.

Importantly, the resulting higher CO2 flux is captured by

EC technique where the flux, and inherently the spatial

variability of CO2 concentrations, from large areas is

recorded. Thus, the EC technique, in contrast to chamber

measurements, unless distributed over a lake surface,

provides more accurate estimates of fluxes.

When lakes are stratified and internal waves moderate

surface concentrations of greenhouse gases, accurate esti-

mates of k depend on taking into account within lake

physics when deriving k. When this effect was considered in

kfp using the Wedderburn number and actively mixing layer

depth, the measured mean k was reduced about 13% and

many of the very high k, values �15 cm h�1, when neither

wind nor heat loss indicated high k, decreased to values

estimated with models which were independent from

measured concentrations. Here we show, then, that the

effects of wind and buoyancy flux at the surface mediate

the gas transfer coefficient, and, when Wedderburn num-

bers drop to critical values, horizontal advection and

vertical mixing from wind and buoyancy flux must be

included in assessing fluxes of gases to the air�water

interface. Consequently, focus should be put in developing

more sophisticated, physically derived models and coupling

these with biogeochemical models in order to develop

generalities and for scaling up.

The mean CO2 flux during seasonal stratification was

1.15 mmol m�2 s�1, which was about four times the flux

measured on another Finnish lake (Vesala et al., 2006;

Huotari, 2011) and on a lake in Switzerland (Eugster et al.,

2003), and almost five times the average flux from Alaskan

lakes (Kling et al., 1992). During autumn overturn, the

mean CO2 efflux was 0.56 mmol m�2 s�1, still higher than

the efflux from the other lakes, indicating that boreal lakes

surrounded by a managed forest might be an exceptionally

high source of CO2 during the whole open-water period.

The results presented here provide solutions for im-

proved estimates of k using EC approaches. Accounting for

the spatial variability of surface CO2 concentrations allows

for a more accurate derivation of k with the EC system.

Here, we used a simple model of thermocline tilting due to

decreases in the Wedderburn number below critical values.

This approach significantly decreased the number and

magnitude of high values of k. While other studies could

similarly use this model, accuracy will be improved by

measuring CO2 concentrations at multiple sites. We are

uncertain as to the extent of error with spatially variable

cooling, but it can also contribute to uncertainty and

should be included in models. By consideration of the

within-water column physics, estimates of k as a function

of wind and buoyancy flux will be improved allowing for

greater accuracy in estimates at global scales.

5. Acknowledgements

This study was funded through the Academy of Finland

Center of Excellence program (project 1118615), Academy

of Finland ICOS project (263149), EU ICOS project

(211574), Research Foundation of the University of

Helsinki, EU GHG-Europe project (244122), EU-project

GHG-LAKE, DEFROST (Nordforsk) project, Academy

of Finland (project 218094), and University of Helsinki

research funds through the project Vesihiisi. Funding was

Table 1. The Pearson correlations between the measured k and the models (kUw, kSR, kRA and kCC), environmental forcing (wind speed,

effective heat flux) and the parameters used in the models (aquatic friction velocity, convective velocity and buoyancy flux) during the

whole measurement period, and separately during seasonal stratification and autumn overturn

kUw kSR kRA kCC U u* Heff w* b

kfp, overall .62 .48 .58 .60 .49 .51 �.47 .32 �.47

kfp, seasonal stratification .36 .33 .35 .30 .29 .32 �.32 .12 �.35

kfp, autumn overturn .64 .59 .59 .68 .61 .62 �.23 .06 �.28

The correlations between kfp and Heff, w* and b are only shown when the lake was cooling. All of the correlations were significant at the

0.01 level (two-tailed) except with w* during autumn overturn. The N were 2150, 733 and 1029 for kUw, kSR, kRA, kCC, U and u*, and 1591,

536 and 783 for Heff, w* and b during the whole period, seasonal stratification and autumn overturn, respectively.

14 J. J. HEISKANEN ET AL.



provided by U.S. National Science Foundation Grants

DEB 0919603 and ARC 1204267 to SM. We thank H.

Miettinen for practical help during the field activities and
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