J For Res (2012) 17:241–252
DOI 10.1007/s10310-011-0268-3

SPECIAL FEATURE: ORIGINAL ARTICLE

CO2 flux observation in various forests of Monsoon-Asia

Pooling of CO2 within a small valley in a tropical seasonal rain
forest
Yugang Yao • Yiping Zhang • Naishen Liang
Zhenghong Tan • Guirui Yu • Liqing Sha •
Qinghai Song

•

Received: 26 August 2010 / Accepted: 24 February 2011 / Published online: 22 December 2011
Ó The Japanese Forest Society and Springer 2011

Abstract CO2 concentrations and related environmental
factors were measured in an Asian tropical rainforest
located in a small valley in Xishuangbanna, SW China,
with the aim of investigating the CO2 pooling effect and its
mechanism of formation. Pooling of CO2 was observed
during the evening (1600–2200 hours local time); the
accumulated CO2 subsequently flowed away after dusk.
We consider that along-slope drainage flow, soil CO2
efflux, and temperature inversion contribute to the development of CO2 pooling. A new model is proposed to track
the mechanism of the formation and dissipation of CO2
pooling (e.g., drainage flow, compensatory mechanisms).
Given its influence on the storage term, we suggest that
CO2 pooling and subsequent disappearance should be taken
into account when calculating eddy covariance and other
micrometeorological measurements of carbon flux for
valley sites.
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Introduction
Tropical rainforests store large amounts of carbon in biomass and soil (Phillips et al. 2009). The exchange of CO2
between a forest and the atmosphere occurs mainly via
absorption (photosynthesis) and emission (respiration) by
plants, and release due to the decomposition of organic
matter in and above the soil (Takagi 2009). Eddy covariance (EC) measurements are widely used to assess the CO2
budget of forest ecosystems (Lee 1998; Eugster and
Siegrist 2000; Baldocchi 2003; Goulden et al. 2006; Hong
et al. 2008); however, this approach has shortcomings
when applied to complex terrain with heterogeneous vegetation (Baldocchi 2003; Goulden et al. 2006; Katul et al.
2006; Sun et al. 2007; Belcher et al. 2008; de Araújo et al.
2008a; Aubinet et al. 2010; Feigenwinter et al. 2010).
Recent studies have investigated the local transport of CO2
and its implications for net ecosystem exchange (NEE),
based on the EC method (Pypker et al. 2007a, b; de Araújo
et al. 2010). CO2 pooling in valleys has been reported as a
type of local transport of CO2 in areas with complex terrain
(de Araújo et al. 2008a, b; Takagi 2009).
The existence of a topographical gradient influences the
flow regime above the canopy, the downslope drainage of
respired CO2, and spatial variations in soil CO2, which in
turn are thought to contribute to CO2 pooling (de Araújo
et al. 2010). Takagi (2009) reported higher CO2 concentrations in the lower levels of a forest due to efflux from the
soil, and drainage flow has been proposed as a mechanism
of depleting the CO2-enriched air below the EC level
(Grace et al. 1996). An isotope-based study in the Cascade
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Mountains, Oregon, USA, revealed that nocturnal drainage
carries a large amount of ecosystem-respired CO2 (Pypker
et al. 2007b), which yields plausible estimates of ecosystem respiration. It is often hypothesized that CO2 respired
in upslope areas is transported laterally from its source by
mechanisms such as vertical and horizontal advection (de
Araújo et al. 2008a); however, measured values of advection fluxes have a wide degree of scatter, contain large
errors (Heinesch et al. 2007), require physical correction
for nighttime fluxes (Lee et al. 2004; Aubinet 2008), and
are unsuitable for estimating the effect of the advection
term on hourly NEE (Feigenwinter et al. 2008).
For a site on sloping ground, advection and drainage
may have an important influence on the CO2 budget (Yi
et al. 2005; de Araújo et al. 2008a). Etzold et al. (2010)
presented a physical correction for EC data comprising
directly measured advection terms at a steeply sloping
alpine forest in Switzerland; however, direct measurements
of advection do not help to solve the night-time CO2 closure problem or the problem of incompatibility with biologically driven fluxes (Aubinet et al. 2010); further
research is required in this regard.
CO2 pooling in a valley affects the storage term (Fs) in
the air below the reference height of EC measurements and
results in an underestimation of ecosystem respiration (de
Araújo et al. 2010). In recent decades, Fs as a component of
NEE has been calculated by the CO2 profile method, which
involves approximating the net exchange using the measured vertical eddy flux corrected for storage below the
measurement point (Massman and Lee 2002). As an auxiliary method, vertical profiles of CO2 have been widely
used to gain information on the distribution of CO2 in a

Fig. 1 Contour map of the
small valley and location of the
study area. The triangle shows
the location of the observation
tower. Shading indicates the
slope gradient around the tower.
Numbers in white rectangles are
spot heights, and black numbers
indicate the distance between
the tower and the spot heights.
Black arrow indicates the slope
of the land surface within the
observation region
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forest (Fan et al. 1990; Culf et al. 1997; Chen et al. 2001;
Goulden et al. 2006; de Araújo et al. 2008a).
In this study, we investigated CO2 pooling in a small
valley in Xishuangbanna, SW China, based on field measurements undertaken during four intensive campaigns.
Temporal trends in Fs were evaluated using two methods:
vertical change below an EC tower, and half-hourly variations in CO2 sampled at various heights. The aims of the
study are to (1) describe the characteristics of CO2 pooling,
(2) determine the formation mechanism of CO2 pools in the
studied valley, and (3) determine the CO2 pooling effect on
the storage term using the EC method and profile method.
Measured CO2 profiles are combined with EC measurements to explore CO2 pooling and, by inference, drainage
flow.

Materials and methods
The study was conducted in the Menglun Nature Reserve
in Xishuangbanna Dai autonomous prefecture, SW China
(21°550 3900 N, 101°150 5500 E; 720–800 m a.s.l.). The site is
situated at the northern edge of the tropical climatic zone of
Southeast Asia (Whitmore 1984), approximately 800 km
northeast of the Bay of Bengal and 600 km west of the Bay
of Beibu (Liu et al. 2007). In situ field measurements were
taken from a micrometeorological tower located at the
center of a permanent ecological research plot in a primary
tropical seasonal rainforest (Fig. 1). The area around the
tower slopes steeply to the southeast.
The climate of the study area is strongly seasonal,
controlled by the movement of two air masses (Zhang
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1966). Between May and October, the tropical southern
monsoon from the Indian Ocean delivers some 80% of the
annual rainfall, whereas from November to April, the climate is dominated by cold, dry air from the southern
margin of the subtropical jet stream (Cao et al. 1996). The
monsoonal climate produces three distinct seasons: a hot
and humid rainy season (May–October), a foggy, cool and
dry season (November–February), and a hot and dry season
(March–April). The vegetation in the reserve is typical of
tropical seasonal rainforests in this area (Cao et al. 2006).
Some of the tree species within the forest are deciduous.
Forty years of climate data from a weather station
located 5 km southeast of the study site (560 m a.s.l.) yield
an average annual air temperature of 21.7°C, with a maximum monthly temperature of 25.7°C in June and a minimum of 15.9°C in January (Dou et al. 2006). The mean
annual rainfall is 1,487 mm, of which 1,294 mm (87%)
occurs in the rainy season (Zhang et al. 2010). On average,
Xishuangbanna has 186.4 foggy days per year, which
compensates for a lack of rainfall during the foggy, cool
and dry season. The mean annual wind speed is 0.5 m s-1
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Fig. 2 Schematic diagram of
the setup for CO2 and Ta
observations in the small valley,
for the vertical and along-slope
directions. Solid circles CO2
sampling point, solid triangles
air-temperature sampling point.
a Vertical profile. b Along-slope
profile. The orientation of the
profiles is from northwest (left)
to southeast (right). Note that
the x- and y-axes have different
scales. Height data represent the
setup height above the ground
layer

(Liu et al. 2005). The forest canopy is uneven and complex,
and can be divided into three layers, with a canopy height
of approximately 35 m.
Vertical profiles of CO2 and H2O concentrations were
measured using a CO2/H2O gas-multiplexer system, which
sampled air sequentially from eight inlets [at heights of 0.5,
1.0, 4.0, 10.2, 16.3, 36.5, 48.8, and 69.0 m above ground
level (agl)] (Fig. 2a). Air was taken from each inlet through
a polyurethane tube (outer diameter 6 9 4 mm; Sunrise,
SUS, Taiwan) into a valve multiplexer system and an
infrared gas analyzer (IRGA) (LI-840; Li-Cor, Lincoln,
NE, USA). This system was designed according to the
guidelines proposed by Xu et al. (1999) and Moriwaki et al.
(2006). Air from different levels was continuously drawn
through all the lines, whereas air from one selected height
was monitored by IRGA. The concentrations were monitored at each height for 30 s, with the average CO2 concentration for the last 5 s of this period being recorded by a
data logger (CR1000; Campbell, CA, USA); hourly CO2
concentrations were output as the final result. Data in the
order of lower-to-upper switching were averaged to cancel
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the effects of temporal changes in atmospheric concentrations. Those inlets that were not being monitored by the
IRGA were purged continuously by a second pump. At
1200 hours (all times are local time), a CO2 standard gas
(707.0 ppmv) was supplied to the analyzer for 4 min to
enable real-time calibration.
To obtain the distribution of CO2 along the slope
(average gradient of 14.4°), we converted the vertical
profile of CO2 into topographical gradients, across a distance of 80 m at a single height (0.5 m agl) during four
sampling campaigns (Fig. 2b). The horizontal profile
includes the site of the flux tower and is oriented along the
direction of the prevailing wind at 4.2 m height (315°). Air
temperature was measured every 5 min using 10 thermo
recorders (TR-71U; T&D, Japan) installed at intervals
along the slope (Fig. 2b). Table 1 lists the observation
dates. This profile of snapshot measurements taken during
four different periods represents typical seasonal variations
at the study site, but may not reflect the conditions during
the non-sampling periods.
In situ measurements of EC and basic meteorological
parameters began in October 2002. NEE was measured
under the China-Flux protocol, defined as the sum of carbon flux (Fc) measured by EC and carbon storage flux (Fs)
derived from simultaneous measurements of CO2 concentrations (Baldocchi et al. 2000; Finnigan 2006). The EC
system consisted of an infrared open-path gas analyzer (LI7500; Li-Cor), calibrated annually, and a 3D sonic anemometer (CSAT-3; Campbell) positioned at heights of 4.2
and 48.8 m agl, respectively. Data were retrieved by a
control system (CR5000; Campbell) at a frequency of
10 Hz.
Continuous meteorological measurements were taken at
the site. Half-hourly averages of wind speed and direction
were measured at the top of a steel tower [observation
height (z) = 4.2 m; 48.8 m agl] by a 3D sonic anemometer
(CSAT-3; Campbell), and solar radiation above the canopy
was measured using a radiometer (CNR-1; Kipp & Zonen,
Netherlands) at 42.0 m agl. Vertical temperature profiles
were measured using air humidity and temperature sensors
(HMP45C; Vaisala, Finland) (Fig. 2a). Soil temperature
(Ts) was measured at a depth of 5 cm by thermocouples
(TCAV; Campbell). Soil water content (SWC) was measured by TDR sensors at a depth of 5 cm (CS616;

Table 1 Dates of observations
of CO2 profiles, for both vertical
and along-slope observations
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Campbell), and air pressure (Pa) was measured at a height
of 4.2 m (CS105; Vaisala). The above factors were sampled at a rate of 0.5 Hz, captured by data loggers (CR10X;
Campbell), and stored on a computer. Mean data for
30-min periods were output as the final results.
Soil CO2 efflux (Rsoil) was observed using an IRGA (LI820; Li-Cor) at point #4 (Fig. 2b). This system was
designed according to the guidelines proposed by Liang
et al. (2003). We also considered data on soil CO2 efflux
during each measurement campaign to analyze the mechanism of CO2 pooling in the small valley.
Net ecosystem exchange between forest and the atmosphere consists of two components: turbulent eddy flux
across the plane of instrumentation above the forest (Fc),
and exchange below the height of instrumentation (storage
term, Fs) (Hollinger et al. 1994). Fc was calculated as the
mean covariance between fluctuations in vertical wind
velocity (w) and the density of CO2 (c) (Baldocchi et al.
1988):
Fc ¼ qw0 c0 ;

ð1Þ

where q is air density, primes denote deviations from the
mean, and the over-bar indicates the 30-min average.
The storage term (Fs) represents the change in the mean
CO2 concentration within the forest air column, which was
calculated using two different methods (Fs-EC and Fs-PM).
Fs-EC was calculated using the CO2 concentration measured
by an infrared open-path gas analyzer at the EC tower
using the following equation (Hollinger et al. 1999;
Ohkubo et al. 2007):
FsEC ¼

Dc
zr ;
Dt

ð2Þ

where Dc is the discrete dynamic of the CO2 concentration
(mg m-3), Dt is the time interval (30 min), and zr is the
reference height (48.8 m agl). The half-hourly variation in
CO2 sampled at different heights (Fs-PM) is calculated as
follows (Aubinet et al. 2005; Finnigan 2006, 2009):
FsPM ¼

n
1 X
D
c i hi ;
Dt i¼1

ð3Þ

where Dt is the duration of the time interval (30 min), the
summation index corresponds to the different sampling
points, and hi is a height weighting that characterizes each

Month

Vertical observations

Along-slope observations

Dec 2008

19/11–23/11 and 15/12–26/12, 2008

02/12–13/12, 2008

Apr 2009

10/03–22/03 and 07/04–19/04, 2009

24/03–05/04, 2009

Jul 2009

12/06–24/06 and 10/07–22/07, 2009

26/06–08/07, 2009

Oct 2009

29/09–09/10 and 23/10–02/11, 2009

11/10–21/10, 2009
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level of CO2 measurement (seven levels at 0.5–48.8 m
agl). Net ecosystem exchange was calculated as follows:
NEE ¼ Fc þ Fs

(1500–1700 hours), we observed an increase in CO2
toward lower topographic levels; however, a temporal
decrease in CO2 was observed at the top of the slope. CO2
concentrations showed an initial sharp increase before a
stable and reasonably uniform profile was attained along
the lower part of the slope. Subsequently, the CO2 concentrations showed a rapid decrease and the high CO2
concentrations disappeared over the period from 1900 to
2200 hours. CO2 concentrations peaked after dusk and
were reasonably uniform along the slope. The highest CO2
concentration during dusk was measured in July 2009,
whereas the lowest concentration occurred in December
2009, similar to the vertical profile of CO2.
Figure 5a shows temporal variations in CO2 concentrations at 0.5 m agl in the vertical profile for July 2009, along
with related environmental factors. Large pooling of CO2
was often accompanied by enhanced diurnal solar radiation
(Fig. 5b) and temperature (Fig. 5d), and low relative
humidity (Fig. 5c). The CO2 pooling lagged the peak time
of solar radiation (1500 hours) by 4 h.
The wind direction at 48.8 m agl was from the southeast
(*120°) during the day and from the northwest (*290°) at
night (Fig. 6a). The wind direction at 4.2 m agl shifted
from 270° during the day to 330° at night (Fig. 6a), consistent with a decoupling of air beneath the canopy from
that above. The mean horizontal wind speed during the day
was 1.13 m s-1 at 48.8 m agl, and 0.58 m s-1 at 4.2 m agl
(Fig. 6b). From day to night, the velocity at 48.8 m
agl zdecreased to 0.41 m s-1, while the velocity at 4.2 m
agl decreased to 0.5 m s-1 (Fig. 6b). The nocturnal wind
direction above the canopy shifted to flow from the
southeast, consistent with the local topography (Fig. 1),
and the subcanopy flow was downslope, toward the
southeast.
Rsoil showed an asymmetric diurnal pattern, with a
minimum at around 0800 hours and a maximum at

ð4Þ

Following convention, negative values of NEE indicate
CO2 flux from air into the forest, and vice versa. Fc data
were subjected to 10 steps of quality assessment and
control (QA/QC), including the energy closure test,
turbulent spectra and cospectra testing, the turbulence
integrity test, and density correction and axis rotation; gapfilling was performed to obtain daily average carbon fluxes.
For further information on gap-filling and the dataavailability procedure, see Zhang et al. (2010) and Tan
et al. (2010).

Results
The concentration of CO2 in the vertical profile was a
function of atmospheric transport and plant metabolism.
Photosynthesis during the daytime removed CO2 from the
air and resulted in a minimum concentration above 20 m
agl (Fig. 3). During the nighttime, an increase in CO2 was
usually observed at all levels, mainly downward from
approximately 20 m agl. A morning peak was recorded at
times ranging from 0400 to 0700 hours, depending on
sampling height. The CO2 concentration in the lowest 10 m
was horizontally uniform during the daytime (Fig. 3).
During dusk (1600–1800 hours), CO2 levels below the
canopy layer (20 m agl) showed a large buildup of CO2.
The highest CO2 concentrations during dusk were measured in July 2009, and the lowest in December 2009.
The spatial distribution of CO2 was similar during all the
campaigns in terms of horizontal variations at 0.5 m agl
along the topographical gradient (from northwest to
southeast) (Fig. 4). In the middle or late afternoon
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standard deviation for the same hours, averaged from the
CO2 concentration at the eight inlets (DCO2) for the two
directions. Smaller values of DCO2 indicate a homogeneous vertical or along-slope profile of CO2 concentrations,
whereas larger DCO2 values indicate a heterogeneous
profile, mainly vertical stratification. Positive DT values
indicate the development of a temperature inversion within
the valley. The relationship between DT and DCO2 shows a
statistically significant positive correlation (P \ 0.001;
two-tailed test).
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Fig. 7 Diurnal variations in soil CO2 efflux during each of the four
campaigns

1600–1800 hours (Fig. 7). The mean diurnal soil efflux for
each intensive campaign was highest in July 2009
(7.78 lmol CO2 m-2 s-1) and lowest in December 2009
(5.21 lmol CO2 m-2 s-1).
The hourly average course of CO2 concentrations was
measured in two directions: the vertical difference in air
temperature between heights of 69.5 and 0.5 m (DT:
T69.5 m - T0.5 m), and the along-slope difference in air
temperature between sites #8 and #1 (DT: T#8 - T#1).
Figure 8 shows the relationship between DT and the

The morning peak in CO2 concentration at 0.5 m agl
(452.1 ppmv) is minor compared with the dusk peak
(510.4 ppmv) (Fig. 9). The dusk peak is different from that
reported previously (Fig. 9; Baldocchi et al. 2000; Yi et al.
2000; de Araújo et al. 2008a). de Araújo et al. (2008a)
reported the highest CO2 concentration in the morning,
with a minor peak was at dusk. Previous studies have also
reported CO2 pooling in valleys at nighttime (de Araújo
et al. 2008b, 2010; Takagi 2009).
In the present study, the CO2 peaks at dusk were
accompanied by higher total radiation (Fig. 5b) and temperature (Fig. 5d), but lower relative humidity (Fig. 5c).
The temperature difference between two points (DT)
compared with the standard deviation of the CO2 distribution (Fig. 8) is in reasonably good agreement with the
data reported by Takagi (2009), indicating that the spatial
homogeneity of CO2 concentrations is related to the thermal air profile (Fig. 8). The present results indicate that
CO2 pooling may occur after the development of a temperature inversion in the valley. Previous studies conducted
in forests on sloping terrain have generally reported a
nighttime inversion in the thermal air profile within the
forest (Staebler and Fitzjarrald 2004; Yi et al. 2005), with
temperature inversion being a common phenomenon in
valleys (Whiteman 1982; de Araújo et al. 2008a).
Mechanism of CO2 pooling
Regarding the CO2 pooling observed at dusk (Figs. 3 and
4), there are three clear lines of evidence that indicate the
occurrence of drainage flow. First, the nocturnal flow of air
at 4.2 m agl is consistent with the direction expected for
cold air flowing to lower topographic regions. We found a
consistent above-canopy diurnal pattern of downslope flow
at night and upslope flow at day, consistent with the general circulation. This is in contrast to the wind direction
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Fig. 8 Relationship between
the difference in air temperature
(T69.5 m - T0.5 m)/(T#8 - T#1)
and the standard deviation for
the same hours, as calculated for
the CO2 concentration during
each of the four campaigns, for
a vertical and b along-slope
profiles
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Fig. 9 Diurnal CO2 variations near the ground layer, as measured in
various forest sites
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near the ground, which originated from the west or northwest, indicating drainage down the local topographic gradient (Fig. 6). Radiation-cooling-induced drainage flow is a
common phenomenon in the mountainous region of the
present study area (Du et al. 1991). The drainage of cold air
occurs on slopes with a gradient of less than 1% (Mahrt
1982; Stull 1988; Lee 1998; Eugster and Siegrist 2000).
Based on satellite-derived radiometric temperature data,
Goulden et al. (2006) inferred that CO2-rich air was carried
by drainage, moving slowly downward along the topography. Sun et al. (2007) reported the distribution of CO2 in
complex terrain, revealing that cold, moist, and CO2-rich
air was transported downslope at night and transported
upslope in the early morning at the Niwot Ridge AmeriFlux site, Colorado, USA.
The second line of evidence that indicates the occurrence of drainage flow is that the difference in CO2 concentration between adjacent sampling periods increase
before 1800 hours at each level during each of the four
sampling campaigns (Fig. 10); the values showed a rapid
decline after reaching their peaks, possibly driven by
drainage flow.
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Fig. 10 Temporal variations in the mean difference in CO2 concentration between neighboring points during each of the four campaigns.
The distances of 0, 20, 40 and 80 m indicate the distance of the CO2
sampling point from sites #1, #2, #4, and #8. Downward arrows
indicate that the difference in CO2 concentrations between neighboring time intervals shows a decrease at around 1800 hours. Circles
December 2008, triangles April 2009, crosses July 2009, diamonds
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Third, Rsoil was highest in July 2009 and lowest in
December 2009 (Fig. 7), which was associated with the
strength of CO2 pooling (Figs. 3 and 4). A similar result
was reported by de Araújo et al. (2010), who suggested that
seasonal variations in soil CO2 efflux contribute to CO2
pooling.
For a sloping site, locally emitted CO2 is accumulated
mainly within the canopy (Acevedo et al. 2008). The
topographical gradient controls the flow regime above the
canopy, the downslope drainage of respired CO2, and
spatial variations in soil CO2, which are thought to
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A new model regarding the mechanism of the formation
and dissipation of CO2 pooling
We provide a reasonable physical mechanism to account
for the underestimation of CO2 pooling at dusk. The crosssectional area, flow velocity, and CO2 concentration at the
sites of input are labeled S1, V1, and C1; those at the sites of
output are labeled S2, V2, and C2, respectively. The
occurrence of a stream in the valley means that the flow
field is open. First, before drainage begins, high CO2
concentrations are observed near the ground layer, caused
by soil CO2 efflux. There is insufficient turbulence to
transport the CO2 to the higher level. Once drainage flow
begins, the drainage of CO2-rich air along the slope represents a carbon source for the initial pooling of CO2 in the
valley during early dusk (Fig. 11a). A large amount of
CO2-rich air from higher slopes moves gradually downward, hindered only by low-level plants. The CO2 concentration shows a peak at dusk, indicating that the input
CO2 is equal to the output (Fig. 11b). Finally, CO2 pooling
ceases because the CO2 continues to move downslope
(towards the left in the figure), without a regular supply of
CO2 to the site. As the air mass moves downward to the
lower area, a compensatory mechanism occurs whereby the
low-CO2 air from above the canopy moves to the bottom
area. These mechanisms lead to the dissipation of the CO2
pool after 2100 hours (Fig. 11c).
It would be necessary to measure horizontal profiles of
CO2 concentration along multiple orientations in order to
precisely quantify the effect of topography on this formation–dissipation mechanism. If CO2 pooling is considered
together with isotopic analyses, it would be possible to
determine the origin of the draining CO2, which would be
important in testing our model.
Implications for EC measurements
Here, we focus on variations in EC flux and Fs in the case
of CO2 pooling in a small valley. The pooling of CO2 in the
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(b)
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850
830
810
790
770
870

Above sea level(m)

contribute to CO2 pooling (de Araújo et al. 2010). Takagi
(2009) reported that CO2 emitted in a valley is likely to
accumulate within an inversion layer. In addition, Zeri
et al. (2010) reported the accumulation of CO2 near the
downwind side of a crest in the case of cross-ridge flows at
a site in the Wetzstein spruce forest, Germany. We consider that along-slope drainage flow, soil CO2 efflux, and
temperature inversion contribute to the development of
CO2 pooling, although other factors may be important,
including biological activity, atmospheric conditions, the
Asian monsoon, and SWC. The relative contributions of
these factors remain unclear, meaning that further analysis
is required.

249

850
830
810
790
770
870

Dissipation (21:00)

(c)

Input (V1 S1 C1) < Output (V2 S2 C2)

850
830
810
790
770
-60

-40

-20

0

20

40

60

80

100 120 140 160

Distance(m)

Fig. 11 Schematic model of the development of a CO2 peak at dusk
in a small valley. a Start (1500 hours), b peak (1800 hours), and c the
dissipation of CO2 pooling (2100 hours). Darker shading indicates a
higher density of CO2

valley suggests that Fs within the canopy air space is
spatially variable at the scale of the topography (de Araújo
et al. 2010). The daily mean values of the storage term (Fs),
as calculated by the profile method, are close to zero
(Table 2), consistent with the findings of Falge et al. (2001)
and Iwata et al. (2005). Values of NEE calculated by the
EC method were 21.1, 74.0, and 50.5% higher than those
calculated by the profile method in December 2008, July
2009, and October 2009, respectively. The difference
between the two methods increased with greater strength of
CO2 pooling. Regarding the real response of all CO2
variations below the level of EC measurements, the profile
method may be superior to the EC method in calculating
the storage term.
In China, primary forests are found mainly in mountainous areas (Fang et al. 2004). Most of the FLUXNET
sites are located in forest ecosystems because forests are
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Table 2 Mean daily fluxes for
EC (Fc), storage term (Fs)
calculated by the EC method
(Fs-EC) and profile method
(Fs-PM), and NEE

Fs-EC
(lmol m-2 s-1)

Fs-PM
(lmol m-2 s-1)

-1.50 ± 1.40

0.27 ± 2.30

-1.11 ± 1.00

-0.03 ± 1.50

Jul 2009

0.21 ± 1.83

Oct 2009

-1.16 ± 2.25

Month

Fc
(lmol m-2 s-1)

Dec 2008
Apr 2009

believed to be significant terrestrial sinks of global CO2
(Houghton 2001). Therefore, it is unavoidable that EC
measurements need to be carried out in hilly terrain. Most
eddy towers are established on slopes or hilltops (Goulden
et al. 2006; Ohkubo et al. 2008). At sloping sites, advection
and drainage may have an important influence on the CO2
budget (Yi et al. 2005; de Araújo et al. 2008a); therefore,
care should be taken when interpreting data in the case that
eddy flux was measured in areas of complex terrain. Spatio-temporal variations in CO2 content indicate the unreliability of the storage term when derived from CO2
concentrations within a single layer (Hollinger et al. 1994).
The present results show that CO2 pooling and dissipation should be taken into account when considering EC
and other micrometeorological measurements of carbon
fluxes in valley sites. The data also provide evidence
regarding the way in which local circulations affect NEE
between the surface and the atmosphere.

Conclusions
The following conclusions are drawn from this work,
which investigated CO2 pooling in a small valley at
Xishuangbanna, SW China.
1.

2.

3.

Pooling of CO2 was observed at dusk (reaching a peak
value at about 1800 hours), both vertically and in the
along-slope direction.
We consider that along-slope drainage flow, soil CO2
efflux, and temperature inversion contribute to the
development of CO2 pooling. Based on the observation
data, we proposed a new mechanism of CO2 pooling.
The NEE value calculated by the profile method was
21.1, 74.0, and 50.5% higher than that obtained using
the EC method in December 2008, July 2009, and
October 2009, respectively. This result shows that the
effect of CO2 pooling below the canopy layer cannot
be avoided, thereby having a strong influence on
calculations of NEE. The present findings suggest that
the pooling and subsequent disappearance of CO2
should be taken into account when performing EC and
other micrometeorological measurements of carbon
fluxes at valley sites.
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NEE-EC
(lmol m-2 s-1)

NEE-PM
(lmol m-2 s-1)

0.01 ± 0.72

-1.23

-1.49

0.00 ± 1.00

-1.14

-1.11

0.57 ± 2.08

-0.01 ± 1.84

0.77

0.20

0.39 ± 2.08

0.00 ± 1.39

-0.77

-1.16

Because we identified CO2 pooling in the small valley
we studied, it is important to further evaluate this phenomenon. The present results may be applicable to studies
that seek to evaluate carbon sinks/sources in areas of
similar terrain and climate in northern Southeast Asia.
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de Araújo AC, Ometto JPHB, Dolman AJ, Kruijt B, Waterloo MJ,
Ehleringer JR (2008b) Implications of CO2 pooling on delta
C-13 of ecosystem respiration and leaves in Amazonian forest.
Biogeosciences 5:779–795
Dou JX, Zhang YP, Yu GR, Zhao SJ, Wang X, Song QH (2006) A
preliminary study on the heat storage fluxes of a tropical
seasonal rain forest in Xishuangbanna. Sci China Ser D Earth Sci
49:163–173
Du MY, Ueno K, Yoshino M (1991) Heat-island of a small city and
its influences on the formation of a cold air lake and radiation fog
in Xishuangbanna, Tropical China. Energy Build 15:157–164
Etzold S, Buchmann N, Eugster W (2010) Contribution of advection
to the carbon budget measured by eddy covariance at a steep
mountain slope forest in Switzerland. Biogeosciences
7:2461–2475
Eugster W, Siegrist F (2000) The influence of nocturnal CO2
advection on CO2 flux measurements. Basic Appl Ecol
1:177–188
Falge E, Baldocchi D, Olson R, Anthoni P, Aubinet M, Bernhofer C,
Burba G, Ceulemans R, Clement R, Dolman H, Granier A, Gross
P, Grunwald T, Hollinger D, Jensen NO, Katul G, Keronen P,
Kowalski A, Lai CT, Law BE, Meyers T, Moncrieff H, Moors E,
Munger JW, Pilegaard K, Rannik U, Rebmann C, Suyker A,
Tenhunen J, Tu K, Verma S, Vesala T, Wilson K, Wofsy S
(2001) Gap filling strategies for defensible annual sums of net
ecosystem exchange. Agric For Meteorol 107:43–69
Fan SM, Wofsy SC, Bakwin PS (1990) Atmosphere–biosphere
exchange of CO2 and O3 in the central Amazon forest. J Geophys
Res 95:16851–16864
Fang JY, Shen ZH, Cui HT (2004) Ecological characteristics of
mountains and research issues of mountain ecology. Biodivers
Sci 12:10–19
Feigenwinter C, Bernhofer C, Eichelmann U, Heinesch B, Hertel M,
Janous D, Kolle O, Lagergren F, Lindroth A, Minerbi S,
Moderow U, Molder M, Montagnani L, Queck R, Rebmann C,
Vestin P, Yernaux M, Zeri M, Ziegler W, Aubinet M (2008)
Comparison of horizontal and vertical advective CO2 fluxes at
three forest sites. Agric For Meteorol 148:12–24
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