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ABSTRACT

Two diel field campaigns under different weather patterns were carried out in the summer and autumn of 2013

tomeasureCO2 andCH4 fluxes and toprobe the rates of gas exchange across the air�water interface in a subtropical
eutrophic pond in China. Bubble emissions of CH4 accounted for 99.7 and 91.67% of the total CH4 emission

measured at two sites in the summer; however, nobubblewas observed in the autumn.The pondwas supersaturated

withCO2 andCH4 during themonitoring period, and the saturation ratios (i.e. observed concentration/equilibrium

concentration) of CH4 were much higher than that of CO2. Although the concentration of dissolved CO2 in the

surface water collected in the autumn was 1.24 times of that in the summer, the mean diffusive CO2 flux across

the water�air interface measured in the summer is almost twice compared with that in the autumn. The mean

concentration of dissolved CH4 in the surface water in the autumn was around half of that in the summer, but the

mean diffusive CH4 flux in the summer is 4�5 times of that in the autumn.Our data showed that the variation in gas

exchange rate was dominated by differences in weather patterns and primary production. Averaged k600-CO2 and

k600-CH4 (the gas transfer velocity normalised to a Schmidt number of 600) were 0.65 and 0.55 cm/h in the autumn,

and 2.83 and 1.64 cm/h in the summer, respectively. No statistically significant correlation was found between k600
andU10 (wind speed at 10mheight) in the summer at lowwind speeds in clearweather.Diffusive gas fluxes increased

during the nights, which resulted from the nighttime cooling effect of water surface and stronger turbulent mixing

in the water column. The chemical enhancements for CO2 were estimated up to 1.94-fold in the hot and clear sum-

mer with low wind speeds, which might have been resulted from the increasing hydration reactions in water due to

the high water temperature and active metabolism in planktonic algae. However, both the air and surface water

temperatures decreased continually, and relatively lower temperature and overcast weather with occasionally light

rain dominated the second campaign in the autumn. The concentration of dissolved oxygen in the surfacewater and

U10 controlled gas transfer velocities of CO2 and CH4, respectively, in the cool autumn. When the surface water

temperaturewashigher than the air temperature, higherCO2 fluxwasobservedbecause thewaterbodywasunstable

and overturned quickly, inducing quick CO2 emitted from plankton algae in surface water to the atmosphere.

Keywords: gas transfer velocity, the chemical enhancement, convective cooling, wind speed, pond, subtropical,

primary productivity

A Corrigendum has been published for this paper. Please see http://www.tellusb.net/index.php/tellusb/article/

view/27480

1. Introduction

Freshwaters can be substantial sources of CO2 and CH4

(Bastviken et al., 2008; Battin et al., 2009; Barros et al.,

2011). Greenhouse gases emitted from lakes and reservoirs

have recently received respective attention (Grossart et al.,

2011; Whitfield et al., 2011; Jacinthe et al., 2012; Xiao

et al., 2013a, 2013b; Yang et al., 2013). However, less

attention has been paid to ponds, which are small in area

and relatively shallow in depth but have various physical

geographical characteristics and are usually with a eu-

trophic situation. The importance of small lakes and ponds

in the global lake area/number and their roles in the global
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carbon cycle might have been underestimated (Downing

et al., 2006; Kortelainen et al., 2006; Bastviken et al., 2008).

Small wetland lakes and ponds that are often abundant

in peatland areas can have high CO2 and CH4 emissions

(Riera et al., 1999; Repo et al., 2007). So, it is important to

obtain more detailed observational data of CO2 and CH4

fluxes across the water�air interfaces of these water bodies
in various climate zones.

The diffusive gas fluxes can either be measured directly

or calculated from the surface water and air concentrations

if the gas transfer velocity (k) is known (Guérin et al.,

2007). Direct measurements at many sites may be labor-

ious; thus, the latter method is preferred. The diffusive gas

flux (F) across the air�water interface can be expressed as:

F ¼ k � Cw � Csatð Þ (1)

where Cw is the concentration of gas in the surface water,

and Csat is the concentration of gas in the surface water at

equilibrium with the overlying atmosphere (Raymond and

Cole, 2001). Both Cw and Csat can be measured directly or

indirectly.

Considerable efforts have been made in different systems

in order to quantify k, which is the parameter in eq. (1)

most prone to errors (Raymond and Cole, 2001) and

primarily controlled by turbulent mixing on the water side

of the air�water interface (Wanninkhof et al., 2009). Wind

dominates turbulence at the air�water interface in lakes,

reservoirs and oceans (Upstill-Goddard et al., 1990; Guérin

et al., 2007; Wanninkhof et al., 2009). Both sheer stresses at

the riverbed and wind at the water surface result in turbu-

lence at the air�water interface in large rivers (Beaulieu

et al., 2012). However, the large heterogeneity of aquatic

systems raises questions about the appropriateness of using

a single wind-based model to predict k in all aquatic sys-

tems (Vachon and Prairie, 2013). The existence of a unique

and universal wind�k relationship for all aquatic systems is

highly questionable given that for any wind speed, its effect

on gas exchange is unlikely to be the same in the ocean

and, for example, in a small kettle lake. This problem is

particularly severe in small, partly wind-sheltered aquatic

environments, which occur very common globally (Downing

et al., 2006; Cole et al., 2010; Vachon et al., 2010).

In this study, we investigate the dependence of k on

various environmental parameters [air pressure, water pH,

sun light intensity, Chl-a and dissolved oxygen (DO) con-

centrations in water, wind speed, air and water tempera-

tures] in a subtropical eutrophic shallow pond. We place

our emphasis on gas transfer processes influenced by dif-

ferent weather patterns and algal metabolism for a small

shallow freshwater system located in a subtropical zone in

China. As chemical enhancement is observed as indepen-

dent of physical forcing at low gas transfer velocities

(Wanninkhof and Knox, 1996), we also discussed the che-

mical enhancement of CO2 transfer owing to low gas

transfer velocities observed in this study.

2. Materials and methods

2.1. Study area and monitoring sites

The pond (111820?50.16ƒE, 30844?30.978ƒN) (Fig. 1) is

located at a suburban district of Yichang city, Hubei pro-

vince, Central China. The region is under a subtropical

continental monsoon climate regime with a large tempera-

ture variation in the spring, heavy rain and drought in

the summer, wet in the autumn and humid and snowy in

the winter. The mean annual temperature is 16.98C, and the

average rainfall is 1215.6mm. The pond is about 2500m2

with a maximum and mean water depth of 2.5 and 1.5m,

respectively. It is surrounded by a small restaurant and is a

popular fishing area. The total nitrogen and phosphorus

concentrations in waters are about 0.067 and 0.020mg/L,

respectively. The pond bottom is covered with soft and

very thin organic sediments with the total organic carbon

content of 27.92mg/g. The waters appeared green in colour

owing to a great deal of the growing algae.

Two diel field campaigns, which were carried out on July

22�24, 2013, and October 15�16, 2013, respectively, were
undertaken at three sites within the pond. During the first

monitoring period which lasted 48 hours, we carried out

flux measurements at two sites, which were located at 2 and

5m, respectively, away from its bank, with depths of 1.2

and 1.5m (here marked as Site N and Site F). During the

second monitoring period, we carried out flux measure-

ments at Site M, which was located in the middle between

Site N and Site F. The sky was clear during the first

monitoring period, and was overcast during the second

period.

2.2. In situ sampling measurements and analysis

Surface and bottomwater temperatures (Ts and Tb), pH, air

temperature (Ta), air pressure (Pa), sun light intensity (Sli)

and wind speed (Swi) were measured at these sites. Water

temperature, pH and DO concentration in water were

measured using the multi-parameter instrument Orion Star

A329 (Thermo Fisher Scientific Inc., Waltham, MA USA).

Water samples were taken from depths of 0.1m below the

water surface and 0.1m above the bond bottom for analysis

of chlorophyll-a (Chl-a) concentration and dissolved CH4

and CO2. Water samples (350mL) were collected and

transported to the laboratory for Chl-a analysis using the

national standard method (Wang et al., 2002). A headspace

equilibration technique was used to quantify dissolved gas

concentrations in water (Cw, mol/L). A 300-ml water sample
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was collected and injected into a 1500ml pre-cleaned and

evacuated gas sampling bag, and 1ml saturated HgCl2
solution was added immediately to kill microbes in the

bag. The bag was then transferred to the lab, and a 600-ml

sample of highly purified nitrogen was injected into it. The

bag was then ultrasonicated for 3 minutes at 40KHz and left

standing for 24 hours. The gas concentration in its headspace

gas-phase (Cgas, mol/L) was then analysed with a Los Gatos

Research’s Greenhouse Gas Analyzer (DLT-100) (Los

Gatos Research, Mountain View, California, USA). Dis-

solved gas concentration in water was calculated according

to the equation given by Johnson et al. (1990):

Cw ¼ Cgas b� RT=22:356þ Vgas=Vliq

� �
(2)

where Cgas (mol/L) is the gas concentration in the gas-

phase after equilibration; b is the Bunsen coefficient (L/L/

atm); R is the universal gas constant (0.082, L.atm/mol/K);

T (K) is the temperature; 22.356 (L/mol) is the molar

volume of a gas; and Vliq and Vgas are volumes of liquid

and gas in a headspace vessel.

Wind speed was measured with a portable aero vane at

2m height for all stations. Wind speed at 10m height (U10)

was calculated using the following formula (Amorocho and

DeVries, 1980):

Uz ¼ U10 1� C
1=2
10 k�1

c ln 10=zð Þ
h i� �

(3)

where C10 equals the surface drag coefficient for wind

at 10m (1.3�10�3) (Stauffer, 1980); kc equals the von

Karman constant (0.41); and z is the height of wind speed

measurement (meter) above the water surface.

2.3. Water-to-air fluxes

A static closed floating chamber system was used to measure

CH4 and CO2 fluxes across the water-air interface through-

out the diel period. The chambers are non-transparent,

thermally insulated vertical tubes with a volume of 43.30 L

and a surface area of 0.096m2 (diameter and height are

0.35 and 0.45m, respectively). Two chambers employed

here were hanged to a rope, located over the pond with

both endpoints firmly tied to pillars. One buoy was fixed on

the lower portion of each chamber, allowing for precisely

5 cm of each chamber to rest below the water surface

during flux monitoring. Only the portion above the water

was taken into account when calculating the gas flux.
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Fig. 1. Location of the sampled pond in China.
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Two fans (12 V, 0.22 A) were fixed at the top within each

chamber to properly mix the air inside within each chamber

headspace while not disturbing the water surface (Fig. 2).

When we measured the emission flux of CH4 and CO2

across the water�air interface, one chamber was connected

to a DLT-100 Gas which could monitor the CH4 and CO2

concentrations inside the chamber continuously at a fre-

quency of 1Hz. The DLT-100 is a cavity ringdown spectro-

meter with high resolution (0.1 ppb) and precision (1% of

the reading accuracy) and that has been used and described

in detail in literature (Hendriks et al., 2008; Eugster and

Plüss, 2010; Hendriks et al., 2010; Herbst et al., 2011;

Schroth et al., 2012; Xiao et al., 2013a, 2013b).

During the first monitoring period, two separate cham-

bers were employed to make alternate monitoring between

Sites N and F. A single flux measurement usually finished

within 30 minutes. Only one chamber was used to monitor

gas fluxes at Site M during the second observation period.

When there was no or little gas bubbles present in the

chamber, CH4 and CO2 concentrations gradually curve

over time in a straight line due to the increase or decrease

of gas concentrations in the chamber (Fig. 3a). Under this

situation, a simple linear regression method was used to

calculate the releasing rate and the flux of gases, which was

described in detail by Lambert and Fréchette (2005). The

gas concentration in the chamber will increase abruptly

when bubbling occurs (Fig. 3b). We can separate the bubble

and diffusion flux using data acquired by the DLT-100

Analyzer thanks to its high sampling frequency. First,

the gas diffusive rate (0.005 ppmv/minute on Fig. 3b) is

acquired by a linear fitting based on a relatively long and

stable straight segment (for example, AB on Fig. 3b). Then,

the diffusive concentration inside the chamber was derived

from multiplying the gas diffusive rate by the time at the

monitored endpoint. The surplus CH4 concentration in

the chamber produced from bubble emissions was equal

to the concentration at the monitored endpoint (Ct on

Fig. 3b) minus the diffusive concentration and the original

background value.

2.4. Calculation of the gas transfer velocity

We calculated Csat in eq. (1) with the Henry’s Law (Sander,

1999),

csat=cg ¼ kH � RT

¼ kO�
H � exp �Dso lnH=R 1=T � 1=TO�

� �� �
� RT (4)

where cg�gas concentration in the overlying atmosphere,

R�gas constant, T�temperature, kH �the Henry’s law

constant, kH
O� �the Henry’s law constant at 298.15 K,

DsolnH/R� �d(ln kH)/d(1/T) and TO��298.15 K.

We calculated k with eq. (1), where F is only the diffusive

flux, and bubble flux was not included. To compare the

exchange coefficient for different gases and at different

water temperatures, the gas transfer velocity was normal-

ised to a Schmidt number of 600 (Sc �600, for CO2 at

208C) with the following equation (Jähne et al., 1987):

k600 ¼ kg;T 600=Scg;T
� ��n

(5)

where kg,T and Scg,T are the transfer velocity and Schmidt

number of a given gas and temperature, respectively

(Wanninkhof, 1992). We calculated temperature specific

Sc values using equations presented by Wanninkhof (1992).

Here we used n�2/3 for all wind speeds B3.7m s�1 (Liss

and Merlivat, 1986).

2.5. Enhancement factor calculations of the gas

transfer velocity

The chemical enhancement of CO2 gas resulting from two

hydration reactions 6 and 7 in water is a function of temp-

erature, pH and ionic strength (Wanninkhof and Knox,

1996).

CO2 þH2O ¼ H2CO3 (6)

CO2 þOH� ¼ HCO�3 (7)

Here the H&B model proposed by Hoover and Berkshire

(1969) and later modified by Wanninkhof and Knox (1996)

was used to calculate model predictions of the enhancement

factor owing to its simplicity. The chemical enhancement

factor for the model can be expressed as (Wanninkhof and

Knox, 1996)

a ¼ T= T � 1ð Þ þ tanh Qzð Þ= Qzð Þ½ � (8)

Q � (r T D�1)0.5 (cm�l), where r�r1�r2 K?waH�1

(s�l), T�1�aH
2 /(K?1K?2�K?1aH) (dimensionless) and

z�D/k�CO2 (cm). In addition, rl (s
�l) and r2 (L/mol/s)

are the hydration rate constant for reactions 6 and 7,
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Fig. 2. Schematic design of a static chamber for measuring gas

fluxes.
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respectively; K?w is the apparent dissociation constant for

water; aH is the activity coefficient for the hydrogen ion;

D (m2/s) is the molecular diffusion coefficient for CO2; and

K?1 and K?2 are the first and second apparent dissociation

constants for carbonic acid, respectively. We calculated

D with the formulation D�14.6836�10�9 [(273.15� t)/

217.2056�1]1.997, where t is the water temperature in Celsius

degree (Zeebe, 2011). rl and r2 were given by Johnson (1982),

and the apparent dissociation constants for carbonic acid

were given by Dickson and Millero (1987).

Chamber estimates of the chemical enhancement factor

can be expressed as

c ¼ k600� CO2=k600� CH4: (9)

3. Results

According to our data, bubble emissions of CH4 and CO2

accounted for 99.7% of the total CH4 emission, and only

3.0% of the total CO2 at Site F, and CH4 ebullition

occurred in 44 of all 48 monitored segmentations (91.67%).

At Site N, bubble emissions of CH4 and CO2 accounted for

96.41% of the total CH4 emission and 3.43% of the total

CO2 from the pond, respectively. CH4 ebullition occurred

in 21 of all 48 monitored segmentations (43.75%). How-

ever, no bubble was observed at Site M during the moni-

toring period. This may indicate complex factors affecting

the diffusive processes of the two gases. The most prob-

able factor responsible for the seasonal difference is that

methane bubbles in the summer resulted from the degrada-

tion of dead algae instead of old sedimentary organic

matters. These algae, which had derived from high primary

productivity and settled on the bottom of the pond, were

decomposed quickly in the hot summer. In contrast, the

primary productivity was low due to the cool weather in

the autumn, and thus organic matter was inadequate for

methane accumulation. This issue requires to be investi-

gated further. The data acquired at Site F were not ana-

lysed in this paper owing to the high frequent bubbles.

3.1. Variations in environmental factors

Variations in environmental parameters at Site N were

different from those at Site M (Table 1); this suggests that

the weather situation may dominate gas flux processes and

transfer velocities. Air temperature, pressure and both the

surface and bottom water temperature appeared to have

diel changes during the first monitoring period, which

corresponded to the rotation of the earth (Fig. 4). How-

ever, the air temperature experienced a decreasing trend

during the second monitoring period, which might result

from the season shifting. Accordingly, the surface water

temperature decreased gradually (Fig. 5). The air tempera-

ture was higher than the surface water temperature before

around 23:00 October 15, 2013, and opposite situation

occurred after that time, which induced the water body to

have been more unstable. Wind speeds were low during

both field investigations, and in fact, they were too low to

be measured most of the times (Figs. 4 and 5).
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Surface water was supersaturated in both CH4 and CO2

with respect to the atmospheric equilibrium. The saturation

ratios of CH4 were much higher than that of CO2 (Fig. 6).

The average concentration of dissolved CO2 in the surface

water collected from Site M was 1.24 times that of at Site

N; however, the mean diffusive CO2 flux across the water�
air interface measured at Site N was almost twice as that at

Site M (Table 1). The mean concentration of dissolved CH4

in the surface water at Site M in October was around half

of that at Site N, but the mean diffusive CH4 flux at Site N

in July is 3�4 times higher than that of Site M.

3.2. Gas transfer velocity

Averaged k600-CO2 and k600-CH4 at Site M (0.65 and

0.55 cm/h) were much lower than those at Site N (2.83 and

1.64 cm/h) (Table 1), and the latter agreed with many pre-

vious reports from lakes and reservoirs at low wind speeds.

Table 1. Variation of environmental factors, gas fluxes and transfer velocities

N Maximum Minimum Average Standard deviation Variance coefficients

Site N (n�40)

Ta (8C) 40 36.9 24.9 29.4 3.59 0.12

Pa (KPa) 40 98.95 98.55 98.79 0.11 0.00

Sli (Lux) 40 81670 0 20999 28038 1.34

DO (mg/L) 40 8.73 2.62 5.16 1.76 0.34

pH 32 7.14 6.5 6.76 0.16 0.02

Ts (8C) 40 32.3 29.5 31.07 0.71 0.02

Chl-a (mg/L) 40 78.68 41.20 57.79 7.25 0.13

U10 (m/s) 40 1.12 0.00 0.11 0.25 2.40

D-CO2 (m mol/L) 40 284.94 63.47 120.58 42.99 0.36

D-CH4 (m mol/L) 40 1.52 0.17 0.42 0.22 0.54

Cg-CO2 (m mol/L) 40 23.11 14.67 17.83 2.23 0.13

Cg-CH4 (m mol/L) 40 0.218 0.077 0.103 0.03 0.25

Csat-CO2 (m mol/L) 40 46.59 31.46 36.81 3.73 0.10

Csat-CH4 (m mol/L) 40 0.014 0.005 0.007 0.002 0.25

F-CH4 (m mol/m2/h) 40 0.007 0.001 0.004 0.001 0.32

F-CO2 (m mol/m2/h) 40 2.639 0.407 1.452 0.604 0.42

k-CO2 (cm/h) 40 4.15 0.57 1.93 0.86 0.45

k-CH4 (cm/h) 40 2.31 0.19 1.15 0.54 0.47

k600-CO2 (cm/h) 40 6.07 0.87 2.83 1.23 0.43

k600-CH4 (cm/h) 40 3.17 0.29 1.64 0.76 0.47

Site M (n�22)

Ta (8C) 22 27.3 15.6 19.9 3.93 0.20

Pa (KPa) 22 101.45 101.03 101.27 0.12 0.00

Sli (Lux) 22 26030 0 1942 5899 3.04

DO (mg/L) 22 3.82 2.07 2.82 0.46 0.16

pH 22 7.25 6.85 7.12 0.10 0.01

Ts (8C) 22 21.5 18.3 19.8 0.82 0.04

Chl-a (mg/L) 22 60.69 39.82 46.84 5.86 0.13

U10 (m/s) 22 3.21 0 0.52 0.85 1.63

D-CO2 (m mol/L) 22 190.90 57.64 149.33 37.05 0.25

D-CH4 (m mol/L) 22 0.387 0.114 0.194 0.07 0.34

Cg-CO2 (m mol/L) 22 14.61 12.19 13.46 0.70 0.05

Cg-CH4 (m mol/L) 22 0.101 0.072 0.077 0.006 0.08

Csat-CO2 (m mol/L) 22 21.32 18.58 19.82 0.686 0.03

Csat-CH4 (m mol/L) 22 0.005 0.004 0.004 0.000 0.07

F-CH4 (m mol/m2/h) 22 0.003 0.000 0.001 0.001 0.70

F-CO2 (m mol/m2/h) 22 1.00 0.44 0.73 0.16 0.22

k-CO2 (cm/h) 22 1.97 0.28 0.66 0.43 0.65

k-CH4 (cm/h) 22 1.68 �0.06 0.56 0.43 0.77

k600-CO2 (cm/h) 22 1.81 0.28 0.65 0.40 0.62

k600-CH4 (cm/h) 22 1.71 �0.06 0.55 0.43 0.78

F-CH4 and F-CO2: diffusive fluxes of CO2 and CH4; D-CO2 and D-CH4: dissolved concentrations of CO2 and CH4 in surface water.
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At the Petit-Saut Reservoir (French Guiana) surface,

the gas transfer velocities obtained from floating chambers

were 2.291.4 and 1.991.0 cm h�1 for k600-CO2 and k600-CH4

for U10B2m s�1, respectively. For wind speeds rang-

ing from 0.1 to 4.6m s�1, the k600-CO2 was 2.491.5 cm h�1

and k600-CH4 was 2.891.7 cm h�1 (Guérin et al., 2007).

In general, the gas transfer velocity calculated from

SF6, which resulted from a tracer experiment in a small

lake of north of the New York City, was approximate to

that at Site N. On small (B50 ha) wind-sheltered (mean

windB3m s�1) lakes, which are situated in Northern

Michigan, USA, and are representative of a large area in

the north temperate regions of the world, k600 was likely

close to 2.08 cm h�1 (Cole et al., 2010).

In contrary, k600-CO2 and k600-CH4 at Site M were only

0.72 and 0.53 cm/h, respectively, much smaller in compar-

ison with other data reported, with the exception of a

recent result (Cole et al., 2010) obtained from a wind speed

model of Liss and Merlivat (1986). However, a k600 lower

than 1 cm h�1 for very low wind speed was found on a

temperate reservoir (DT�Ts�Ta��1.48C) (Frost and

Upstill-Goddard, 2002).

Gas transfer velocities derived from CH4 (k600-CH4) to

CO2 (k600-CO2) were not statistically different at Site M,

but were higher than that at Site N (Fig. 7). Significant

correlations of gas transfer velocities between CO2 and

CH4 were not observed at Site M, but did occur at Site N

(Fig. 7). This may indicate that gas transfer velocities of the
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two sites were dominated by different factors. However, a

significantly positive correlation between k600-CH4 and

k600-CO2 was also found when combining the measure-

ments of Site M (all having low k600 values) and Site N

(Fig. 7).

4. Discussion

Concentrations of Chl-a in water were high during both

monitoring periods. However, gas flux processes during the

two monitoring periods were completely different (Figs. 4

and 5), which might result from the different weather

patterns. The averaged k600-CH4 and k600-CO2 at Site M

were much lower than those at Site N, which was not

proportional to their dissolved concentrations (Table 1).

4.1. Influence of wind speed on k600

Our data showed no significant correlation between k600
and U10 at Site N in the pond, which might indicate that

low wind speeds might not be a key factor to control gas

transfer velocities in the summer (Fig. 8). The phenomenon

without strong dependence of gas transfer velocity on wind

speed for low wind speeds (U10B3.7m �s�1) was pervasive

in summers (Crill et al., 1988; Clark et al., 1995; Cole and

Caraco, 1998; Crusius and Wanninkhof, 2003).
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Significant correlation between k600-CH4 and U10 was

only observed at Site M in the autumn (Fig. 8; k600-

CH4�0.314U10�0.385). It showed that low wind speeds

still dominated the rate of CH4 exchange across the air-

water interface in cool weather. At very low wind speed

(B3.7m s�1), a weak dependency of k600 with wind speed

was also observed at the Petit-Saut Reservoir (Guérin

et al., 2007) along with several other studies at lakes

(Wanninkhof et al., 1985; Liss and Merlivat, 1986;

Wanninkhof, 1992; Cole and Caraco, 1998). The slope of

our linear regression function was 0.314 cm h�1/m s�1,

which was much lower than previous reports. The slope

of the relationship was 0.7 cm h�1/m s�1 for wind

speedB3.7m s�1 on the Petit-Saut Reservoir (Guérin

et al., 2007).

4.2. Controls of other environmental factors on k600
in the summer

As stated above, main environmental parameters during

the first monitoring period appeared to have diel changes

with the rotation of the earth (Fig. 4). Diel diffusion gas

fluxes at Site N during the observation period in the

summer were significantly positively correlated to the air

pressure, and negatively correlated to the air temperature

and light (Table 2). In addition, the diel diffusive CO2 gas

flux was also significantly positively correlated to DO,

surface water temperature, pH, wind speed and Chl-a. In

the summer, the average dissolved CO2 concentration in

water during nighttime was higher than that during day-

time. On the contrary, the average Chl-a concentration of

water during night was lower than that during daytime

(Table 3). Both variations of dissolved CO2 and Chl-a

concentrations resulted from the metabolism of phyto-

plankton. The average dissolved CO2 concentration in

water of night and daytime was 132.27 and 106.28m mol/l,

respectively. However, the average diffusive CO2 flux

of night (1.87m mol �m�2 �h�1) was about two times that

of daytime (0.94m mol �m�2 �h�1) (Table 3). In addition,

the average diffusive CH4 flux of night (0.0043m mol �
m�2 �h�1) was higher than that of daytime (0.0035m mol �
m�2 �h�1) (Table 3) although the average dissolved CH4

concentration in water of nighttime and daytime was very

approximate (0.42 and 0.41 m mol/l, respectively). We

explain the differences as results from the nighttime cooling

effect of water surface, which might accelerate turbulent

mixing in the water column and enhancing the gas transfer

velocity. At low wind speed conditions, convective cooling

contributed significantly to gas exchange in lakes (Crill

et al., 1988; Macintyre et al., 2002; Crusius and Wanninkhof,

2003). Diffusive methane flux could increase during the

night because evaporative and sensible heat losses dom-

inate the surface heat fluxes, and unstable the development

of temperature gradients and convective mixing occur (Crill

et al., 1988). Measured gas flux was up to five times higher

when heat was being lost from the surface layer of an arctic

lake and wind speeds were low than when wind speeds were

5m s�1 (Macintyre et al., 2002).

4.3. Controls of other environmental factors on k600
in the autumn

Relatively low temperature and overcast weather with

occasionally light rain dominated the second campaign in

the autumn, which subsequently lowered the metabolism of

phytoplankton in the pond. Diel CO2 fluxes at Site M were

significantly positively correlated to the air pressure, and

negatively correlated to the air temperature and surface
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water temperature (Table 2). However, the diel CH4 flux

was significantly positively correlated to air temperature,

surface water temperature and U10, and negatively corre-

lated to the air pressure.

In our study, DO in the surface water was closely related

to the respiration of plankton algae. Cloudy weather pro-

foundly influenced DO concentrations in ponds (Romaire

and Boyd, 1979). On clear days, there is sufficient light for

high rates of photosynthesis, and DO concentrations nor-

mally are high. On cloudy day, photosynthesis is limited

by insufficient light, and DO concentrations often are low

(Table 1). The probability of DO depletion is much greater

during nights following cloudy days than during nights

following clear days (Boyd and Tucker, 1998).

Because both the air and surface water temperature

decreased continually during the second monitoring period

(Fig. 5), we averaged gas fluxes and environmental factors

according to the comparison between the surface water

temperature and the air temperature (Table 3). When

Ts�Ta�0, it resulted in heat losing and cooling of the

water surface, which might enhance the gas transfer

velocity. The average k600-CH4 of Ts�TaB0 was more

than two times that of Ts�Ta�0 (Table 3) although the

average dissolved CH4 concentration in water of the two

phases was almost the same (0.19 m mol/l). We attributed

this situation to changes of the wind speed. The average

wind speed of Ts�TaB0 was much bigger than that of

Ts�Ta�0 (Table 3), and k600-CH4 was significantly

positively correlated to U10 (Table 2). A weak dependency

of k600 with low wind speed was also observed at several

other lakes (Wanninkhof et al., 1985; Liss and Merlivat,

1986; Wanninkhof, 1992; Cole and Caraco, 1998; Guérin

et al., 2007).

The average dissolved CO2 concentration in water of

Ts�Ta�0 (148.03 m mol/l) was approximate to that of

Ts�TaB0 (150.41 m mol/l), but the average diffusive CO2

flux of Ts�TaB0 (0.79m mol �m�2 �h�1) was much higher

than that of Ts�Ta�0 (0.54m mol �m�2 �h�1) (Table 3).

Although the air temperature decreased continually and the

surface water temperature was lower than the air during

the latter half segment of the second monitoring period,

the average gas fluxes and gas transfer velocities during the

autumn were still much smaller than those during the

summer (Table 1). In addition, changes of both gas fluxes

of and transfer velocities of CO2 and CH4 were opposite

between time spans of Ts�Ta�0 and Ts�TaB0. It may

indicate that the cooling effect of water surface, which might

induce turbulent mixing in the water column (penetrative

convection) and enhancing the gas transfer velocity in

thermal stratified water body (MacIntyre et al., 2002), was

not the key factor to have enhanced gas exchanging in the

pond during the second monitoring period. We believe that

the most important reason might be the metabolism of

phytoplankton and disturbance situation of water body.

The water body in the pond was more stable under the

condition of Ts�TaB0 than that of Ts�Ta�0. DO was

consumed and CO2 was produced because the respiration

of plankton algae preceded its photosynthesis in overcast

weather. When Ts�Ta�0, the unstable water body over-

turned more quickly, which might induce quick CO2

emitting from plankton algae in surface water and directly

enter into the air. Thus, we observed enhanced CO2

emission, which also changed the inner relationship of the

diffusive fluxes between CO2 and CH4. We verified it from

a quantitative point of view with a plot of excess CO2

(�dissolved CO2 concentration measured�Csat-CO2) vs.
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AOU (apparent oxygen utilisation�saturated DO�
measured DO) (Fig. 9). According to Fig. 9, most respira-

tion quotients (�excess CO2: AOU) at Site M fell in the

range of 0.62�0.90, which was stoichiometric ratio of

aerobic biological respiration in the environment with

abundance of HCO3
� (Chen et al., 1996; Taylor et al.,

2003; Zhai et al., 2005). We can make it sure based on

estimated uncertainty of Cw and lack of duplicate Cw

measurements. However, respiration quotients at Site N

varied greatly owing to alternative photosynthesis and

respiration of plankton algae (Fig. 9).

In a summary, the process of gases exchanging across the

water-air interface in the eutrophic pond was dominated by

both the difference in weather conditions and the algal

metabolism.

4.4. Enhanced exchange of CO2

Figure 10 compares the chemical enhancement factor of

model predictions (a) with that of the chamber estimates (g)

for the observed pH and temperature corresponding with

the chamber deployments. It appears that chamber esti-

mates (g) are lower than model predictions (a) during most

of the monitoring period.

The mass transfer coefficient of CO2 could be chemically

enhanced by 1.94-fold in the summer. The enhancement

factor for CO2 estimated here was smaller than that re-

ported in other lakes with high pH owing to the low pH

in the pond. Increasing enhancement with increasing pH

was observed pervasively with high pH in previous reports

(Hoover and Berkshire, 1969; Wanninkhof and Knox, 1996;

Bade and Cole, 2006). The mass transfer coefficient of CO2

was chemically enhanced by 3.5- to 7.5-fold in an experi-

mentally eutrophied lake, which pH rose more than 9.5

(Bade and Cole, 2006). Large enhancements were also

observed in experimental ditches with high biological pro-

ductivity (Portielje and Lijklema, 1995). The enhancement

factor for CO2 was bigger during the daytime (2.94) than

that during the night in the summer (1.84) (Table 3). It was a

response to the higher pH value resulted from high

productivity during days. Under clear weather, the photo-

synthesis in plankton algae preceded their respiration

Table 2. Average values of several environmental factors, diffusive gas fluxes and gas transfer velocity of diel monitored data according to

the weather condition

DO

(mg/L)

Ts

(8C)
Chl-a

(mg/l)

U
10

(m/s)

Dissolved gas

concentration

(m mol/l)

Diffusive

gas flux

(m mol �m�2 �h�1)

Gas transfer

velocity

(cm/h)

Site Time Ta (8C) pH CO2 CH4 CO2 CH4 CO2 CH4 g

N Daytime 32.76 6.39 6.80 31.63 62.91 0.23 106.28 0.41 0.94 0.0035 2.15 1.43 2.94

Night 26.66 4.16 6.71 30.60 53.60 0.00 132.27 0.42 1.87 0.0043 3.39 1.80 1.84

M Ts�TaB0 22.84 2.96 7.11 20.34 47.99 0.73 150.41 0.19 0.65 0.0013 0.54 0.72 1.00

Ts�Ta�0 16.42 2.66 7.12 18.79 45.36 0.27 148.03 0.19 0.83 0.0006 0.79 0.34 2.68

Daytime: 8:00�20:00; night: 20:00�8:00.

Table 3. Correlation coefficients between diel diffusion flux, the dissolved gas concentration and the gas transfer velocities of CO2 and

CH4 and the main environmental factors

Site Ta Pa U10 Light DO pH Ts Chl-a

N F-CO2 �0.87a 0.46a �0.35b �0.47b �0.85a �0.54a �0.83a �0.57a

F-CH4 �0.39a 0.37b �0.16 �0.34a �0.14 �0.13 �0.08 �0.21

D-CO2 �0.40a 0.10 �0.27 �0.14 �0.55a �0.22 �0.53a �0.36b

D-CH4 0.15 �0.18 �0.11 �0.14 0.19 0.15 0.11 0.10

k600-CO2 �0.44a 0.46a �0.29 �0.28 �0.30 �0.28 �0.17 �0.11

k600-CH4 �0.28 0.33b �0.12 �0.17 �0.24 �0.13 0.13 �0.12

M F-CO2 �0.58a 0.43b �0.05 �0.11 �0.37 0.05 �0.46b 0.01

F-CH4 0.66a �0.47b 0.60a 0.35 0.17 �0.26 0.48b 0.17

D-CO2 0.18 0.20 0.24 0.21 0.35 �0.13 0.09 0.25

D-CH4 0.05 �0.35 �0.12 �0.06 �0.05 �0.02 0.10 �0.29

k600-CO2 �0.37 �0.07 �0.21 �0.17 �0.52a 0.09 �0.37 �0.25

k600-CH4 0.57a �0.32 0.62a 0.34 0.12 �0.27 0.43b 0.27

a,bCorrelation is significant at the 0.01 and 0.05 level (2-tailed), respectively.
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during daytime, and the Chl-a concentration in water was

higher during day than that during nighttime (Table 3).

Chemical enhancement factor of the chamber estimates

(g) was larger during Ts�Ta�0 than Ts�TaB0 in the

autumn. However, we could not discuss how degree on g

was influenced by the change of pH owing to the CO2 con-

tribution from varying respiration of plankton algae in the

overcast autumn mentioned above.

5. Conclusion

The mean diffusive CO2 flux across the water�air interface
measured in the summer is almost twice compared with that

in the autumn, and the mean diffusive CH4 flux in the

summer is 4�5 times of that in the autumn. Our data

acquired from the small eutrophic pond in a subtropical

zone in China indicated that gas transfer velocities of CO2

and CH4 at low wind speeds in the summer were much

higher than those in the autumn. The weather patterns and

algal metabolism dominated the gas transfer velocities of

CO2 and CH4. Chemical enhancements for CO2 were obser-

ved in the hot summer under clear weather with low wind

speeds, which might result from the increasing hydration

reactions in water. Diffusive gas fluxes increased during the

nights owing to the nighttime cooling effect of water surface

in the summer. A dependency of k600-CH4 with low wind

speed was also observed when the surface water temperature

was lower than the air temperature in the autumn.When the

surface water temperature was higher than the air tempera-

ture, higher CO2 efflux across the air-water interface

occurred as a result of quick CO2 emitted from plankton

algae in surface water. The process was strengthened by the

unstable and quickly overturning water body.
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Jähne, B., Münnich, K. O., Bösinger, R., Dutzi, A., Huber, W. and

co-authors. 1987. On the parameters influencing air-water gas

exchange. J. Geophys. Res. 92, 1937�1949.
Johnson, K. 1982. Carbon dioxide hydration and dehydration

kinetics in seawater. Limnol. Oceanogr. 27, 849.

Johnson, K. M., Hughes, J. E., Donaghay, P. L. and Sieburth,

J. M. 1990. Bottle-calibration static head space method for the

determination of methane dissolved in seawater. Anal. Chem. 62,

2408�2412.
Kortelainen, P., Rantakari, M., Huttunen, J. T., Mattsson, T. and

Alm, J. 2006. Sediment respiration and lake trophic state are

important predictors of large CO2 evasion from small boreal

lakes. Glob. Change Biol. 12, 1554�1567.
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