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Abstract:

Methane emissions from hydroelectric reservoirs can comprise a considerable portion of anthropogenic methane. However,
lack of data on CH4 emissions in different geographical regions and high spatial-temporal variability in the emission rates
of reservoirs has led to uncertainties regarding regional emission estimates of CH4. In the subtropical plateau climate region,
we used the Ertan hydroelectric reservoir as a study area. The CH4 flux at the air-water interface was assessed by floating
chambers and factors influencing emissions, including the distance from the dam, water depth, seasonal variation in wet and
dry season, air-water temperature gradient and wind speed, and was also studied through a year-long systematic sampling and
monitoring experiment. The results showed that the surface of the reservoir was a source of CH4 during the sampling period
and the annual average CH4 flux was 2Ð80 š 1Ð52 mg m�2 d�1. CH4 flux (and its variation) was higher in the shallow water
areas than in the deep-water areas. CH4 flux near the dam was significantly higher than that of other locations farther from
the dam in the dry season. The seasonal variations of CH4 emission in wet and dry seasons were minor and significant diurnal
variations were observed in wet and dry seasons. Exponential relationships between the CH4 flux and air-water temperature
gradient were found. Air-water temperature gradient was an important factor influencing diurnal variations of CH4 flux in the
Ertan hydroelectric reservoir. These results indicate that systematic sampling is needed to better estimate CH4 flux through
coverage of the spatial variation of different water depths, measuring-point distance from the dam, seasonal variation in wet
and dry seasons and changes in climate factors (such as air-water temperature gradient). Our results also provide a fundamental
parameter for CH4 emission estimation of global reservoirs. Copyright  2010 John Wiley & Sons, Ltd.
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INTRODUCTION

Over the past decade, studies have shown that methane
emissions from hydroelectric reservoirs can comprise a
considerable portion of anthropogenic methane, which
has increased during the past centuries (Giles, 2006). On
the basis of a limited amount of measurements, Saint
Louis et al. (2000) have estimated that artificial reser-
voirs worldwide could emit 64 Mt yr�1 CH4. Methane
emission studies have been conducted in the tropical lat-
itudes (Duchemin et al., 2000; Matvienko et al., 2000;
Delmas et al., 2001), Canadian northern latitudes (Kelly
et al., 1997; Duchemin et al., 2000), western United
States (Soumis et al., 2004) and northern boreal zone of
Finland (Huttunen et al., 2002, 2003). A comparison of
the findings indicates clearly that CH4 emissions should
be analysed on a case-by-case basis because significant
variations can occur from one hydro plant to the next
(Rosa et al., 2004). Because the magnitude of green-
house gas (GHG) emissions from reservoirs is known
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to be partly governed by regional features such as geol-
ogy, climate, vegetation and flooded soil types (World
Commission on Dam, 2000), previous studies might not
properly depict the case of reservoirs located in Asian
countries such as China, which has the largest installed
capacity of hydroelectricity (1 ð 108 kW) in the world,
as of 2004 (Ma, 2009). So far, two important gaps still
hamper the integration of these emissions into national
anthropogenic GHG inventories. First, there is an obvi-
ous lack of data on emission patterns for reservoirs
in several regions of the world. Second, there is high
spatial–temporal variability in the emission rates of reser-
voirs (Rosa and dos Santos, 2000; World Commission
on Dam, 2000; Abril et al., 2005). These variabilities
lead to large uncertainties when attempting to compute
regional emission estimates for these perturbed environ-
ments (Soumis et al., 2004). Therefore, more data from
reservoirs situated in different geographical regions are
needed, and the assessment of the complete methane
production and emission lifecycle through a systematic
sampling programme is necessary to understand the vari-
ability and to better estimate CH4 emissions for hydro-
electric reservoirs (Rosa et al., 2004; Abril et al., 2005;
Giles, 2006).
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Hydroelectricity in China is being developed at
unprecedented speed, and 67% of the total installed
capacity of hydroelectricity is concentrated in the south-
west region. According to preliminary estimates, there
are 1200–1500 hydroelectricity stations in Sichuan and
Yunan provinces alone. Most of the stations are concen-
trated in five watersheds such as Yalong River, Dadu
River, Jinsha River, Lancang River and Nu River. This
study focuses on the Ertan hydroelectricity station, the
largest hydroelectricity station constructed in the 20th
century in China, located in the Yalong River watershed
(Du et al., 2008).

The primary objectives were (1) to explore the spatial–
temporal variation of CH4 emissions and assess the CH4

flux of the Ertan hydroelectric reservoir and (2) to inves-
tigate the factors influencing CH4 emissions. The study
will also provide baseline data for global CH4 assess-
ments. To achieve these objectives, we first assessed the
spatial–temporal variability of CH4 emissions and CH4

fluxes of the reservoir at the air–water interface. The
former are considered to be important for CH4 emis-
sion estimation. Second, we attempted to correlate CH4

fluxes with some parameters influencing CH4 emission
(e.g. air–water temperature gradient and wind speed) in
order to define which of these influence reservoir emis-
sions.

MATERIALS AND METHODS

Site description

This study was carried out at the Ertan hydroelectric
reservoir (26°400 –27°590N and 101°100 –102°060E) in
Sichuan Province, southwest China (Figure 1). A typical
subtropical plateau climate occurs in this area with
an annual mean air temperature of 19Ð6 °C. The mean

precipitation is 1155 mm (Chen, 2007) (Figure 2). There
are clear wet and dry seasons in the region. The wet
season is from June to October in which 87% of the
precipitation is concentrated. The dry season is from
November to May.

The Ertan dam was constructed in the Yalong River,
the largest tributary of the Jinsha River. The maximum
dam height is 240 m. The Ertan reservoir has been
flooded for hydroelectricity generation since May 1998
and forests were completely cleared before flooding. The
Ertan reservoir with a volume of 5Ð8 ð 109 m3 has a
daily average discharge of 1670 m3 s�1 with significant
inter-annual variability. The reservoir water body remains
stratified throughout the year. The minimum and maxi-
mum differences of vertical water temperature are 5Ð3 °C
in February and 16–17 °C in July, respectively. The resi-
dence time of water in Ertan reservoir is 5–6 months. The
surface area of the reservoir is 101 km2. The area of the
drainage basin controlled by the Ertan dam is 5711 km2.
The installed capacity now is 3300 MW and the energy
production is 1Ð70 ð 1010 kWh yr�1 for the Ertan hydro-
electric station.
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1998 to 2006

Figure 1. Location of the study area
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Field experiment design

The vast majority of CH4 is produced from organic
matter in sediments. The organic matter in the water
originates from upstream water and bank soil erosion
because of the previous forest removal. Therefore, in
order to explore the spatial variation of CH4 emissions,
we designed 33 sampling points according to two possi-
ble gradients such as locations with different water depths
and locations with different distances from the dam.

1. Locations with different water depths: In the wet and
dry seasons we selected three transects perpendicular
to the bank. In each transect, we selected six locations
from the littoral zone to the pelagic zone according
to approximate water depths of 1, 5, 10, 20, 50 and
more than 50 m. The six locations were named W1,
W2, W3, W4, W5 and W6, respectively. There were
18 sampling points along three transacts.

2. Locations with different distances from the dam: In the
wet and dry seasons we selected five locations accord-
ing to the distances of 1, 5, 10, 15 and 20 km from the
dam. At each plot we selected three sampling points at
the approximate water depths of 5, 10 and 50 m based
on CH4 flux monitoring results of preliminary experi-
ments. The five locations were named D1, D2, D3, D4
and D5, respectively. There were 15 sampling points
along the different distances from the dam.

CH4 flux measurements

Direct measurements of CH4 fluxes at the air–water
interface were carried out with floating static chambers
(volume 20 l and surface 0Ð16 m2). The static chambers
were constructed of plexiglass and equipped with floating
pontoons maintaining the lower edges of the chambers
beneath the water surface (Duan et al., 2005). Walls of
the chambers were covered with aluminum foil sheeting
to avoid any warming effect inside the chamber. Flux was
measured with three different floating chambers at each
sampling point, which were deployed simultaneously
from a small boat.

All work at a given site was conducted during the same
day. To assess flux, two consecutive 0Ð5-h measurement
series were performed. Using polypropylene syringes, 30-
ml gas samples were collected from the chamber every
10 min during the 0Ð5-h period.

Samples for seasonal changes were taken biweekly
from May 2008 to April 2009 at all the 33 sampling
points from locations W1–W6 and D1–D5. The diurnal
samples were taken once a month from 8 : 00 to 24 : 00 in
June and July during the wet season and in November and
December during the dry season at the location of W4.

Four gas samples were collected from each chamber
into an air-sampling bag (volume 0Ð5 l) using a battery-
operated pump (Sibate, flow 1 l min�1) at 0, 10, 20
and 30 min after the chamber was deployed. Methane
concentration in the gas samples was determined using a
gas chromatograph (Agilent 6820) equipped with a flame
ionization detector and separated with a Teflon column

(2 m ð 2 mm) packed with TDX-01 (60–80 mesh). The
oven, injector and detector temperatures were 60, 100 and
300 °C, respectively. The carrier gas (N2) flow rate was
30 ml min�1, flame gases (H2 and compressed air) were
set at 20 and 30 ml min�1, respectively. Methane fluxes
were calculated using linear regressions of CH4 content
versus time according to Soumis et al. (2004).

Environmental variables

Temperature was measured with psychrometers
equipped with platinum resistance thermometers. Water
temperature was measured with thermocouples at the
water surface (Duan et al., 2005). Wind speed was mea-
sured with a portable anemometer. These environmental
variables were measured simultaneously when the CH4

gas was sampled.

Statistical analyses

Differences of mean CH4 flux among the locations
with different water depths and among the locations with
different distances from the dam were tested for signif-
icance using the one-way ANOVA of SPSS 11Ð0 statis-
tical package, by using biweekly average flux per site
as a variable. Treatments were replicated three times.
The annual average CH4 emission of Ertan reservoir
was weighted according to the CH4 flux of different
water depth, monthly variation of different location and
bathymetric map (area with different water depths). The
relationships between CH4 flux and air–water temper-
ature gradient were also tested by using the CH4 flux
data within 1 day. In all analyses, when p < 0Ð05, com-
parison and correlation tests were considered statistically
significant.

RESULTS

Spatial variation in CH4 flux

Generally, CH4 fluxes decrease gradually from
shallow-water to deep-water areas. Both in the wet and
dry seasons, significant differences of CH4 fluxes were
observed in the shallow-water region of the reservoir
(locations W1, W2 and W3). The CH4 fluxes of loca-
tions W4, W5 and W6 were significantly lower than the
fluxes of locations W1, W2 and W3. There was no sig-
nificant difference among locations W4, W5 and W6 in
the deep-water areas (Figure 3).

In the wet season, there were no significant differences
between the CH4 fluxes at different locations. Also,
no significant differences were observed among the
measuring points such as D2, D3, D4 and D5 in the dry
season. However, CH4 flux at measuring point D1 (1 km
from the dam) had the highest value of 2Ð84 mg m�2 d�1,
and this value was significantly higher than that of the
other four measuring points in the dry season (Figure 4).

Temporal variation in CH4 flux

The seasonal variations of CH4 emission in wet and
dry seasons were minor (Figures 3 and 4). However,

Copyright  2010 John Wiley & Sons, Ltd. Hydrol. Process. 25, 1391–1396 (2011)
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Figure 3. CH4 fluxes at different water depths in wet and dry seasons in
the Ertan reservoir. Note: Vertical lines denote standard deviation
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Figure 5. Diurnal variation of CH4 fluxes in wet and dry seasons in the
Ertan reservoir

significant diurnal variations of CH4 emission were
observed in wet and dry seasons. The diurnal CH4 fluxes
possess the same trend in the wet season and in the
dry season. The values peak in early afternoon and then
decline gradually. The maximum CH4 flux occurs at
14 : 00 in the wet season and at 16 : 00 in the dry season
(Figure 5).
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Figure 6. Relationship between CH4 flux and air–water temperature
gradient in June, July, November and December in 2008, and in all the
4 months together. Equation a is y D 0Ð927e0Ð054x , R2 D 0Ð40, p D 0Ð067
(in June 2008); Equation b is y D 0Ð455e0Ð173x , R2 D 0Ð60, p D 0Ð014 (in
July 2008); Equation c is y D 1Ð312e0Ð085x , R2 D 0Ð35, p D 0Ð092 (in
November 2008); Equation d is y D 1Ð066e0Ð323x , R2 D 0Ð50, p D 0Ð033
(in December 2008) and Equation e is y D 0Ð869e0Ð087x , R2 D 0Ð38,

p D 0Ð000, (4 months)

CH4 flux in the Ertan reservoir

We weight the annual average CH4 emission of Ertan
reservoir according to the relative importance of deep
and shallow waters in combination with the CH4 flux of
different water depths and monthly variation of different
locations during the study period. The annual average
CH4 flux in the reservoir was 2Ð80 š 1Ð52 mg m�2 d�1.

Environmental factors influencing CH4 fluxes

There was no significant relation between the CH4

emission and the wind speed (y D 0Ð164x C 1Ð229, R2 D
0Ð027, p D 0Ð336). However, there was an exponential
relationship between CH4 flux and air–water temperature
gradient in June, July, November and December in 2008,
and in all the 4 months together, suggesting that the
air–water temperature gradient was an important factor
affecting diurnal CH4 emission (Figure 6).

DISCUSSION

In this study, based on a year of monitoring and system-
atic sampling, CH4 emission was relatively homogenous
over space and time. However, the near-shore sites have
clearly higher CH4 flux and variation (Figure 3). And
CH4 flux near the dam was significantly higher than that
of other locations farther from the dam in the dry season
(Figure 4). In addition, significant diurnal variations were
also observed in wet and dry seasons (Figure 5). System-
atic monitoring studies over a long-time series are needed
in order to cover heterogeneity in space and time and to
obtain better estimates of CH4 emissions in hydroelectric
reservoirs (Rosa et al., 2004; Harvey, 2006).

Water depth is critical regarding methane emissions
from hydroelectric reservoirs. Shallow-water areas emit-
ted more CH4 than deep-water regions in the reservoir

Copyright  2010 John Wiley & Sons, Ltd. Hydrol. Process. 25, 1391–1396 (2011)
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(Figure 3). Firstly, higher CH4 fluxes in shallow areas
probably result from higher CH4 production in the sed-
iments due to organic matter inputs in the littoral zone.
The nutrients in runoff from the catchment apparently
accelerate organic matter accumulation and plant pro-
ductivity in the littoral zone, thereby boosting the CH4

fluxes. In three Finnish mid-boreal lakes, 66–77% of
the CH4 was released from the littoral zone during the
ice-free period (Juutinen et al., 2003). Secondly, this
might be related to the oxidizing efficiencies at loca-
tions with different water depths. The methanotrophic
layer of the deep reservoir is more efficient in oxi-
dizing methane before reaching the atmosphere, while
sediment-generated methane can easily evade oxidization
in the shallow reservoir (Lima, 2005). It was found that
51–80% of the CH4 produced in deep sediments was
oxidized in the water column, whereas most of the CH4

released from shallow sediment escaped oxidation and
reached the atmosphere in the lakes (Bastviken et al.,
2008). Guérin and Abril (2007) also showed that total
pelagic oxidation reduce methane emissions by more than
85% for the whole lake–river system and that this process
is responsible for more than 25% of total CO2 emis-
sions from the whole reservoir–river system. In addi-
tion, higher variation of CH4 fluxes was observed in
the shallow-water region (locations W1, W2 and W3)
than in the deep-water region (locations W4, W5 and
W6) (Figure 3). This implies that more measuring points
should be selected in the shallow-water area than in the
deep-water region within the hydroelectric reservoir dur-
ing sampling.

Wind speed is one of the important factors influencing
CH4 flux in the air–water interface (Guérin et al., 2007).
However, low wind speed has little impacts on CH4

emission in our study (y D 0Ð164x C 1Ð229, R2 D 0Ð03,
p D 0Ð336). The wind speed only range from 0Ð1 to
3Ð5 m s�1 during the experiment period at Ertan reservoir
region within the alpine gorge region. Some authors (Cole
and Caraco, 1998; Crusius and Wanninkhof, 2003) also
have shown that low wind speed does not influence gas-
transfer velocities at the air–water interface. However,

CH4 fluxes vary with air–water temperature gradient
and exponential relationships between them were found
(Figure 6), which might be caused by an enhancement
of gas-transfer velocity due to evaporation (Guérin et al.,
2007). Liss et al. (1981) and Ward et al. (2004) have also
shown that the gas-transfer velocity can be enhanced by
4% to more than 30% under evaporative condition due
to destabilization of the near surface water. During our
measurements, the average T between water and air was
3Ð2 °C ranging from �6 to 11Ð7 °C, generating a cooling
of the surface water by evaporation.

Compared with previous results of CH4 emissions
from reservoirs, the CH4 flux in the Ertan hydroelectric
reservoir is low (Table I). The low CH4 emission is likely
associated with (1) the subtropical plateau climate and/or
(2) a limitation of sediment CH4 production because
of a low supply of organic matter. Due to the plateau
and alpine gorge topography the air–water temperature
gradient and wind speed are relatively lower in the
Ertan reservoir than in other subtropical or even tropical
regions. Low air–water temperature gradient and wind
speed may lead to low CH4 emissions. In addition, a low
supply of organic matter may be the other reason for low
CH4 emissions. In China, first all the vegetation below the
flood lines of reservoirs must be cleared before flooding,
including the Ertan hydroelectric reservoir. Therefore, the
risk of CH4 emissions is reduced by biomass clearing
before flooding (Rosa et al., 2004). Also, low human
population levels and limited agricultural production in
the plateau region reduce potential sources of organic
matter, which can be swept down to the reservoir and
emit CH4 during decomposition.

Although the CH4 fluxes are low in the Ertan reser-
voir, they are not negligible. Firstly, there are more than
1000 hydroelectric stations in southwest China and CH4

emissions will increase because of the constantly increas-
ing expansion of hydroelectric development and water
areas. Secondly, the CH4 emissions downstream of the
dam cannot be ignored, especially in such a deep reser-
voir as that of Ertan. Guérin et al. (2006) showed that
despite their relatively small surfaces, rivers downstream

Table I. Previously reported CH4 flux in reservoirs

Reservoir Location Latitude CH4 (mg m�2 d�1) Reference

Petit Saut French Guiana 05°040N 43Ð2 š 25Ð6 Guérin et al., 2006
Balbina Brazil 01°550S 33Ð6 š 48Ð0 Guérin et al., 2006
Samuel Brazil 08°440S 80Ð0 š 94Ð4 Guérin et al., 2006
Tucuruı́ Brazil 04°200S 13Ð82 š 22Ð94 Lima, 2005
F. D. Roosevelt United States 47°570N 3Ð2 š 1Ð6 Soumis et al., 2004
Dworshak United States 46°310N 4Ð4 š 3Ð2 Soumis et al., 2004
Wallula United States 45°560N 9Ð0 š 3Ð5 Soumis et al., 2004
Shasta United States 40°430N 9Ð5 š 8Ð6 Soumis et al., 2004
Oroville United States 39°330N 4Ð2 š 2Ð7 Soumis et al., 2004
New Melones United States 37°570N 7Ð1 š 4Ð3 Soumis et al., 2004
Lokka Finland 67°480 –68°020N 5Ð3–119 Huttunen et al., 2002
Porttipahta Finland 67°570 –68°090N 2Ð5–4Ð8 Huttunen et al., 2002
Eastmain-1 and Robert-Bourassa Québec, Canada 52° –54°N 0Ð14–0Ð77 Demarty et al., 2009
Grand Rapids, Jenpeg, Kettle and AcArthur Falls Manitoba, Canada 50° –57°N 0–1Ð10 Demarty et al., 2009
Ertan China 26°400 –27°590N 2Ð80 š 1Ð52 This study

Copyright  2010 John Wiley & Sons, Ltd. Hydrol. Process. 25, 1391–1396 (2011)
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of dams accounted for a significant fraction (9–33% for
CH4) of the emissions across the reservoir surfaces classi-
cally taken into account for reservoirs. At central Amazon
floodplain, the downstream CH4 emission alone also rep-
resented the equivalent of 3% of all methane release
(Kemenes et al., 2007).

ACKNOWLEDGEMENTS

We thank two anonymous reviewers and Dr Lu Fei for
constructive comments on how to revise the manuscript.
We also thank Hongmei Wang, Zefei Li, Ling Qin and
Guanyu Chen in the Ertan hydroelectric station for field
sampling. This study was funded by National Nature
Science of China (50639070) and National Key Basic
Research Program of China (Grant 2009CB421105).

REFERENCES
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Soumis N, Duchemin É, Canuel R, Lucotte M. 2004. Greenhouse gas
emissions from reservoirs of the western United States. Global
Biogeochemical Cycles 18: 1–11.

Ward B, Wanninkhof R, McGillis WR, Jessup AT, DeGrandpre MD,
Hare JE, Edson JB. 2004. Biases in the air–sea flux of CO2 resulting
from ocean surface temperature gradient. Journal of Geophysical
Research 109: C08S08, DOI: 10.1029/2003JC001800.

World Commission on Dam (WCD). 2000. Workshop on dam reservoirs
and greenhouse gases (part III), final minutes, Sec. of the World
Commission on Dams, Cape Town.

Copyright  2010 John Wiley & Sons, Ltd. Hydrol. Process. 25, 1391–1396 (2011)




