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Wetlands play an important role in the exchange of carbon and energy between the land and the atmo-
sphere. Moreover, wetlands are sensitive to global changes because of their unique water-heat effects
and greenhouse gas (GHG) metabolic processes. However, the temporal variations in carbon and energy
fluxes in wetlands are not yet fully understood. As an artificial wetland in an arid area, the Zhangye
wetland features complex meteorological conditions and human interventions, which have introduced
uncertainties into the carbon and energy fluxes. In this study, eddy covariance technology was used to
examine the characteristics of the carbon and energy fluxes over an artificial wetland in an arid area.
The main objectives were to determine (1) the diurnal and seasonal variations in the carbon and energy
fluxes; (2) the relationship between the carbon and energy fluxes and the controlling factors, including
the meteorological conditions and human interventions; (3) the contribution of carbon emissions from
the wetland ecosystem; (4) the evapotranspiration (ET) difference between an artificial wetland in an
arid region and a natural wetland; and (5) a preliminary simulation of net ecosystem exchange (NEE)
and ET using the Biome-BGC model (Wetland-BGC version). Significant diurnal variations were observed
in the carbon dioxide (CO;) flux in different seasons, whereas variations in methane (CH4) were not
significant. Both CO, and CH4 fluxes peaked in summer, with the highest emission rates occurring at
12:00-16:00 and featuring values of —15.65 wmolm~2s~! and 0.38 wmol m~2 s~1, respectively. The CO,
and CH, fluxes exhibited a strong relationship with soil temperature (R? =0.7305 and 0.5949, respectively,
for a soil depth of 0 cm). CH4 emissions significantly influenced the total carbon budget, and the wetland
was found to be a carbon sink with respect to the net exchange of carbon. The greatest ET in the Zhangye
wetland during the study period was 12.33 mm day~!, and the average annual ET was 1300.4 mm year—'.
This study examined the main components of the energy flux, including variations in the net radiation
(Rn), latent heat flux (LE), sensible heat flux (H) and soil heat flux (Gs), and the relationships between
these variables and the environmental controls. The range of LE/R, was 0.32-0.74, and this ratio was
0.64 during the growing season. The ratio of H/LE ranged from —0.04 to 1.28, and the value was negative
during June, July and August. Artificial wetlands had a large thermal capacity that tended to slow down
the energy exchange. Human interventions, e.g., irrigation, policies, etc., significantly affected the CHy4
flux and ET but did not affect the CO, flux.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

et al., 2010; Bonan, 2008; Cao and Woodward, 1998; Heimann and
Reichstein, 2008). Carbon dioxide (CO,) and methane (CH,4) are the

Terrestrial ecosystems influence climate change through
complex bio-geophysical feedback mechanisms, including the
exchanges of carbon, water, and energy with the atmosphere (Beer
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most important greenhouse gases (GHG), accounting for 70% and
23% of the rise in temperatures, respectively (Hendriks et al., 2007;
Nnoby, 1997). The human activity has caused the volume fraction
of CO; and CH4 in the atmosphere to increase approximately 26%
and 148%, respectively, after industrialization (Desai et al., 2015;
Wang et al., 2010).
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Wetlands are recognized as an important ecosystem and are
estimated to store 15% of the total carbon in global terrestrial
ecosystems (Kayranlietal.,2010; Liu and Zhou, 2012). Natural wet-
land ecosystems are widely considered to be a sink of free carbon
from the atmosphere through high rates of net primary production
and accumulation of organic matter in water-logged soils (Chen
et al., 2013; Sun et al., 2009). However, the effects of artificial wet-
lands on the carbon budget are not well understood.

A typical Heihe Watershed wetland (the Zhangye wetland) is
located in the middle of the Hexi Corridor, an extraordinarily com-
plex ecosystem that contains rivers, marshes, wet meadows and
artificial features. The Zhangye wetland is an artificial oasis in
an arid region in northwestern China. The wetland’s important
roles, such as water purification, desertification control and climate
adjustment, are in many ways based on its special geographical
position. Flux measurements of the water, carbon and energy cycle
here could contribute to an in-depth analysis of wetland ecosys-
tems in arid areas.

CO, flux is the key to understanding the wetlands carbon cycle,
which plays an important role in the carbon cycle of the continen-
tal ecosystem. Wetlands are also a primary natural source of CHy4 in
the atmosphere (Chen et al., 2013). Energy exchange is among the
most important processes in wetland ecosystems because it affects
variables such as temperature, water transport, plant growth and
productivity (Dennison and Berry, 1989). The main components of
the surface energy balance are net radiation (Ry), the heat stored
in water and soil, the sensible heat flux (H), and the latent heat
flux (LE) or evapotranspiration (ET). ET in vegetated wetlands is
frequently the largest consumer of incoming energy (Priban and
Ondok, 1985) and greatly influences not only the energy distribu-
tion but also the water conditions, such as temperature and depth
(Shukla and Mintz, 1982; Xiao et al., 2013).

At present, most of what is known regarding wetland ecosystem
carbon and energy balances is confined to the temperate, boreal,
and arctic zones, with data principally collected only during the
growing season. Little is known about carbon and energy exchange
in artificial wetlands, especially in arid regions where the climate
conditions are complex and unique (Schedlbauer et al., 2011). The
main objectives of this study were to determine (1) the diurnal and
seasonal variations in carbon and energy fluxes; (2) the relationship
between the carbon and energy fluxes and the controlling factors,
including the meteorological conditions and human interventions;
(3) the contribution of carbon emissions from the wetland ecosys-
tem; (4) the difference in energy flux between an artificial wetland
inan arid region and a natural wetland; and (5) a preliminary simu-
lation of net ecosystem exchange (NEE) and ET using the Biome-BGC
model.

2. Materials and methods
2.1. Basic information on the study area

The experimental area in this study, established in June 2012,
is located in the midstream of the Heihe watershed, northwestern
China. A flux tower was operated in the west of Zhangye National
Wetland Park (100.44640°E, 38.97514°N) by the Heihe Watershed
Allied Telemetry Experiment Research-the Multi-Scale Observa-
tion Experiment on Evapotranspiration over heterogeneous land
surfaces (HIWATER-MUSOEXE) (Liu et al., 2011, 2013) (Fig. 1(A)).

The total area of the wetland park is 41.08 km2, and the area
of the actual wetland is 17.33 km2. The primary vegetation in the
study area is reeds, predominantly Phragmites australis with a mean
height of 2.5-3.0 m. This plant leafs out in late April and is reaped
at the end of October. The site has a warm, temperate continental
climate, with 129 mm of annual precipitation, 2047 mm of average

annual evaporation, a mean annual temperature of 6 °C and a mean
annual frost-free period of 153 days.

The growing season of the study site is between May and
October, during which more than 80% of the annual precipitation
falls.July and January feature the highest and lowest mean temper-
atures, respectively.

2.2. Field measurements

2.2.1. Eddy covariance measurements

CO,, CHy, LE and H fluxes were measured using the eddy
covariance (EC) technique starting in July 2012. Open-path flux
instruments were mounted on top of a mast with a sensor head
5.2 m above the wetland ecosystem (Fig. 1(B)).

Wind speed, wind direction and sonic temperature were mea-
sured using a three-dimensional ultrasonic anemometer (Gill, UK).
An open-path fast-response infrared gas analyzer (Li-7500A, Li-Cor
Inc., USA) was used to measure changes in CO, and H,O concentra-
tions. The three-dimensional ultrasonic anemometer was located
at a horizontal distance of 25 cm from the Li-7500A in the direction
of the prevailing winds (north). The raw sampling frequency was
10Hz, and mean fluxes for LE, H and CO, were computed at 30-min
intervals. Raw data and 30-min average data were recorded by a
logger (CR1000, Campbell Scientific Instruments Inc., USA) every
30 min. CH4 concentrations were measured using the open-path
laser instrument LI7700 (Li-Cor Inc., USA). ET was measured directly
using an energy-budget variant of the eddy correlation approach
(Tanner and Greene, 1989; Twine et al., 2000).

2.2.2. Meteorological measurements

Air temperature (T;) and relative humidity (RH) were measured
by HMP45C (Vaisala Inc., Helsinki, Finland). Air pressure (Pa) was
measured by CS100 (Campbell Scientific Instruments Inc., USA);
and precipitation (PPT) was measured with a tipping-bucket-type
rain gauge placed above the canopy (TR-525M, Campbell Scientific
Instruments Inc., USA).

Soil temperature (Ts, 107-L, Campbell Scientific Instruments Inc.,
USA) was measured at six depths (0.00, 0.02, 0.04, 0.10, 0.20 and
0.40 m). Ground heat (Gs) flux was also measured at this site using
HFPO1 (Avalon, Hukseflux, Netherland) heat flux transducers. Three
soil heat plates were placed 5 cm below the soil surface. Incoming
and outgoing photosynthetically active radiation (PAR) was mea-
sured using LI-190SA sensors (Li-Cor, Inc., USA). R, was measured
with a four-component net radiometer (NRO1, Avalon, Hukseflux,
Netherland) at a height of 6 m.

2.3. Data analysis

All data were collected over a period of two years (July
2012-June 2014). EC flux data can be significantly affected by
weather conditions, human disturbances and the limitations of the
instruments (Saito et al., 2005). In this study, the energy balance
was also analyzed, which was considered an independent part of
the EC measurements (Li et al., 2005; Coulter et al., 2006).

2.3.1. Quality control

The carbon and energy fluxes were calculated using the
data-processing package EddyPro, version 4.1 (www.licor.com/
eddypro), as described in the instrument manual and by McDermitt
et al. (2011). The raw 10Hz data were processed into the 30-min
mean values, including spike detection, lag correction of H,O/CO,
and CHy4 relative to the vertical wind component, sonic virtual
temperature correction, coordinate rotation (2-D rotation), den-
sity fluctuation corrections (Webb-Pearman-Leuning correction),
and frequency response correction (Xu et al.,, 2013). Due to the
significant effects associated with atmospheric stability, weather

Please cite this article in press as: Zhang, Q., et al., Carbon and energy flux from a Phragmites australis wetland in Zhangye oasis-desert
area, China. Agric. Forest Meteorol. (2016), http://dx.doi.org/10.1016/j.agrformet.2016.02.019



dx.doi.org/10.1016/j.agrformet.2016.02.019
http://www.licor.com/eddypro
http://www.licor.com/eddypro
http://www.licor.com/eddypro
http://www.licor.com/eddypro

G Model
AGMET-6054; No.of Pages13

Q. Zhang et al. / Agricultural and Forest Meteorology xxx (2016) xxX—Xxx 3

A N

S'OCE  OSOUE 13400
: : : - =
g !
x

100°16'0°E 100°21°20°E 100°26'40"E 100°32°0°E

SN
T

o &
LN g )
B :
3 z z
Y L =3
2 g 2 g
2 & S
L)
LY S

WON

¢ z

s

N " PRI F 2
& Mo ME it i 1me s

SS'UCE  10S00°E  1400°E

vy

~ g

38°5640"N

38°56"0"N
RS YR
s 14

(]

97°30'0°E  99°0'0°E 100°30°0"E 102°Q"

z Z
2] 2 z
g ;’. .
z
g £ &
o =
5 s
H ]
z
z o
1 £
- 2 &
. - P e R ~ R EE N R Y
é ] ‘5,/. 100°16'0°E 100°21°20"E 100°26'40"E 100°32'0"E
s b5
EA 2
E 0 15 3 6 9 12
———— e + Flux Tower
] 0255 100 150 mam ook

9T300"E  99°00°E  100°300°E 102°0C°E

B

Fig. 1. Location map of the Zhangye wetland with the study site indicated (A) and the image of the eddy covariance tower (B).

conditions and the limitations of the instruments (Massman and (1) rain events (one hour before or after the rain) (Falge et al., 2001),
Lee, 2002; Saito et al., 2005), the half-hour data were rejected if the (2) nights when the CO, flux was negative (Papale et al., 2006; Zhu
data meet one or more of the following criteria (Aires et al., 2008): et al., 2006) (3) data beyond a reasonable range of the instrument
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measurement (Papale et al., 2006; Zhu et al., 2006), and/or (4) cases
when the value of U* was below the critical value (Papale et al.,
2006; Zhu et al., 2006). Based on the mean-value test method (Zhu
et al., 2006), the value of U* was set to 0.12ms~! in this study.

2.3.2. Gap-filling and data processing

Complete data sets were created using gap-filling. Missing time
periods in the flux data were filled as follows: Gaps of less than 2 h
were filled by linear interpolation between the nearest measured
data points, whereas long-term gaps were filled using the look-up
Table (LUT) method as described by Falge et al. (2001).

For the remaining missing periods, gap-filling was performed
for the half-hourly fluxes. For the CH,4 flux, the half-hourly CH4
flux data were first gap-filled using the same exponential relation-
ship between CH4 emissions and air temperature that was used
for the daily approach. Then, a simple look-up Table was applied.
The LUT parameters were T,, PAR and PPT, and the LUT window
size was initially set to 7 days. In the few cases where an LUT esti-
mate was still not possible, gaps were filled by linear interpolation
(Hommeltenberg et al., 2014). The LUT method was also used to
gap-fill the energy flux data set.

Gross primary production (GPP) was calculated from ecosystem
respiration (Reco) and NEE (Zhang et al., 2015):

GPP = Reco — NEE

GPP (mg CO, m~2s-1) represents CO, assimilated by photo-
synthesis, and Rec, (mg CO, m~2s~1) represents respiratory CO,
released from the soil and vegetation. Nighttime NEE values were
equal to Rec, because the GPP equals zero at night. Daytime Reco
values were estimated using the nighttime NEE-temperature rela-
tionship. The relationship between nighttime NEE and T, can be
described by the Vant Hoff equation (Lloyd and Taylor, 1994):

Reco = aebTa

where a and b were regression parameters and T, was the air
temperature. Missing nighttime data were estimated using an
exponential regression, based on the measured nighttime Re¢, and
T,.

2.4. Biome-BGC model

The Biome-BGC model, a process-based terrestrial ecosystem
carbon cycle model, can estimate three vital biogeochemical cycles:
carbon, nitrogen and water (Running and Hunt, 1993 Thornton,
1998). The version of the Wetland-BGC model we used in this
study features an improvement in the simulation of the water state.
This improvement better approximates the real conditions of plant
growth in the wetland. The changes in water depth were calculated
based on different conditions separately. In addition, infiltration
was considered in the Wetland-BGC model, thereby potentially
modifying the soil environment and influencing soil decomposi-
tion.

The ET in the BIOME-BGC (Wetland-BGC version) is estimated
using the Penman-Monteith equation. Energy available in the
canopy is divided into two parts: evaporation of water intercepted
by the canopy and transpiration. The Farquhar photosynthesis rou-
tine (Farquhar et al., 1980) is used to calculate the biome GPP.
Respiration components (heterotrophic (Ry), autotrophic growth
(Rg) and autotrophic maintenance (Rp)) were calculated primar-
ily based on temperature. NEE is defined as the GPP minus the
respiration and defoliation rates (Dy):

NEE = GPP — R, — Rg — R — Dy

Detailed descriptions of this equation’s logic were given by
Running and Hunt (1993) and Thornton and Running (1999).The

model inputs include three parts: (1) the meteorological data,
including the maximum and minimum daily air temperatures
(Ta_max and Ty_min, °C), average temperatures (Tq_ave, °C), PPT (cm),
total diurnal mean solar radiation (Rs;, W m~2), and day length (DL,
s); (2)location information, including the longitude, latitude, eleva-
tion, soil depth, soil particle composition, vegetation type, and the
atmospheric CO, concentration changes; and (3) ecological param-
eters, including the specific leaf area (SLA), C:N ratio of leaves and
fine roots, annual leaf and fine root turnover fraction, etc.

The outputs include GPP (kgCm~2), net primary production
(NPP, kg Cm~2), NEE (kgCm~2), Ry (kgCm~2), Rg (kgCm~2) and
Ry, (kg Cm~2), etc. ET was also estimated in the model.

3. Result
3.1. Meteorological conditions and leaf area index

The study area was characterized by strong seasonal variation
in air temperature and precipitation, with the warmest tempera-
ture of 26.2°C in July and the coldest value of —8.4°C in January
(Fig. 2(A)). The leaf area index (LAI) data were collected from 8-
day MODIS production (MOD15A2, https://ladsweb.nascom.nasa.
gov/data/search.html) during the study period. In all years leaf area
index (LAI) changed rapidly during the growing season (Fig. 2(B)).
The highest LAI (2.1) was in 2012.

3.2. Carbon flux

3.2.1. Diurnal variation

The diurnal trends in the CO, and CH4 fluxes for different peri-
ods, based on the data after gap-filling, are shown in Fig. 3. We
examined 10 days in each period related to general stages of plant
phenology: period 1 was the beginning of growing season (April
11th-20th), period 2 was the peak of the growing season (July
11th-20th), period 3 was the late growing season (September
11th-20th), and period 4 was the non-growing season (January
11th-20th). Average data were calculated for each period from July
2012 to June 2014.

As seenin Fig. 3(B), the diurnal CO, flux exhibits a single-valley-
peak pattern. The CO, flux was less than 0 after sunrise because the
photosynthesis of the reeds is stronger than the sum of autotrophic
respiration and soil heterotrophic respiration. The peak value of
CO, flux, —15.65 . mol m—2 s~1, was at noon in period 2, which fea-
tured the same radiation trend. The CO, flux then trended from sink
into source when photosynthesis stopped at night. At night, the CO,
flux was greater than 0.

The diurnal CH4 flux exhibited greater variability during the
growing season than the CO, flux, which was similar across the dif-
ferent periods. Fig. 3(A) shows the CH4 diurnal variations in each
period. The magnitude of the CH,4 flux was smaller than CO, and
was in the range of 0-0.20 w. molm~2 s~1, CH4 emission in daytime
was higher than nighttime during all the periods and the peak value
of CHy4 flux occurred at approximately noon.

The highest CH; flux was in period 2, with a range
of 0.1-0.4pmolm—2s~! during the peak growing season. In
contrast, period 4 featured the lowest values, approximately
0.01 pmolm—2s~1,

3.2.2. Seasonal variations

The average monthly CO, and CHy4 flux during study period is
showninFig.4.The ranges of CO; and CH4 fluxes differed among the
different growing periods. As shown in Fig. 4(A), from November
to February, Reco was between 37.07 to 54.41 gCO, m~2 month~!,
whereas monthly GPP was 0. This period was the non-growing
season in the study area. At the beginning of study area’s
growing season, i.e., March, April, and May, GPP was 78.30,
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187.26 and 333.95gC0, m~2 month~!, respectively. June-August
was the peak period of the growing season with the high-

est Reco and GPP. The range of GPP
757.84-925.84 g CO, m—2 month~!, and
and 440.17 gCO, m~2 month~1.

during this period was
Reco Was between 421.19

GPP began to decrease after

September: GPP in September and October was 459.16 and

155.38 g CO, m~2 month~1, respectively.

Fig. 4(B
son was the lowest, amounting to 0.55-1.35gCm~2 month~'. The
CH4 flux increased rapidly in March and April, reaching 1.80 and
2.65gCm~2 month~1, respectively. The CHy flux between June and
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flux. To compare the carbon source and sink more intuitively, opposite

numbers of GPP were used in the figure.
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October was 18.77gCm~2 month~!, representing 65.66% of the
total CH4 emissions observed during the study period.

The magnitude of the CH4 flux was lower than the CO, flux,
but the contribution of methane emissions to the global warming
potential (GWP) on the 100-year time horizon can be expressed as
the CO, equivalent (Hendriks et al., 2007; Hommeltenberg et al.,
2014). The CH4 GWP is 25 times stronger than that of CO, (IPCC
Climate Change, 2007; Long et al., 2010; Hommeltenberg et al.,
2014). The final carbon flux result for the study period represents
the carbon pool (—44.57 g CO, m~2 year—!) with the CH4 emissions
converted using the GWP.

3.2.3. Annual flux

The annual GPP was 1.03kgCm 2year! from July 2012
to June 2013 and 0.94kgCm 2year-! from July 2013 to
June 2014. The average GPP during the research period was
0.98kgCm~2year~!. The annual NEE was —0.31kgCm2year!
and —0.47 kg Cm~2 year~! in the two research years, respectively.

The annual CH,4 flux was 27.76 gCm~2year~! from July 2012
to June 2013 and 28.75gCm2year~! from July 2013 to June
2014. The average CH4 flux during the research period was
28.25gCm~2year~!, which was higher than the results of previ-
ous studies (Wille et al., 2008; Jackowicz-Korczynski et al., 2010;
Hanis et al., 2013).

33. ET

The maximum rates of ET were recorded in the growing season,
whereas the lowest rate (approximately zero) occurred in winter
(Fig. 5). The highest ET (12.33 mmday~!) occurred in June 2014,
and the peak values in 2012 and 2013 were 11.24mmday~! and
10.00 mmday~, respectively. The average ET was 5.21 mmday~!
during the growing season and 1.22mmday~! during the non-
growing season. In winter, the average ET was 0.50 mmday~!,
and most of the records were <1.0mmday~!. The annual ET
was 1507.9mmyear—! between July 2012 and June 2013 and
1092.8 mmyear—! between July 2013 and June 2014.

Fig. 6 is the diurnal variation in ET for different periods. ET
increased at 8:00 and decreased at 20:00, with a peak between
12:00 and 16:00. ET was the highest in period 2, reaching
0.62mmh~'.In period 1, the peak ET was 0.28 mm h~! at noon and
was related to the beginning of snow melting and reed growing. In
period 3, due to lower precipitation than the peak growing season
and the cessation of plant growth, ET decreased significantly, with
the highest rate of 0.49 mm h~! occurring at 12:30.

00:00 04:00 08:00 12:00 16:00 20:00 24:00
Time

Fig. 6. Diurnal ET (mm h~') in different periods.

3.4. Energy flux

3.4.1. Diurnal variation

The diurnal energy flux for different periods of plant growth
was calculated using the same period of carbon flux. The diurnal
variation in energy flux (both LE and H) changed with R,. In the
non-growing season, R, reached as high as 264 Wm~2, and LE and
H peaked at 127Wm~2 and 47 Wm~2, respectively. In the peak
growing season and post-peak growing season, the highest values
of R, increased to 620 W m~2 at noon in July, and LE increased dra-
matically to 428 Wm~2 in July, whereas H only reached 80 Wm~2
as the maximum value in September. H was highest at the begin-
ning of the growing season, with a range of 34-201 Wm~2. The
nighttime LE ranged from —30 to 30 Wm~2. The negative LE flux
may be related to the heavy dew often observed at night. LE was
the prime sink of R;, in the wetland ecosystem (Fig. 7). Both LE and
H peaked one to two hours after R, peaked (Fig. 7). This pattern
was likely due to enhanced ET in the afternoon due to higher air
temperature and vapor pressure deficit (VPD).

3.4.2. Seasonal variation

Fig. 8 shows the seasonal variations in energy flux in 2013
for the study area. R, increased during the growing season, with
the highest air temperature and precipitation for the whole year,
and declined during the non-growing season. The effects of envi-
ronmental factors on R, varied among the seasons based on the
influences on LE and H. During May to September, the R, was mainly
used in ET, whereas H dominated in the cool months. The average
Rn was 280.24 W m~2 during the growing season and 130.81 W m—2
during the non-growing season. LE had a similar trend as Ry, reach-
ing 172.71Wm~2 during the growing season and 40.61 Wm~2
during the remaining period. The LE values were higher than H from
March to October in the study area. Additionally, the trend of H from
May to September was the opposite of the LE trend. The average H
during the growing and non-growing seasons was 2.47 Wm~2 and
27.54W m~2, respectively.

3.4.3. Energy ratio

The partitioning of R, into LE and H affects the transport of
the heat and water vapor in the atmosphere, which influences the
ET of the study area, as well as regional and global precipitation
(Dirmeyer, 1994; Pielke, 2001). The proportion for the allocation of
Ry into LE (LE/Ry) and H (H/Ry) varied significantly over time (Fig. 9).
During the growing season, LE/R, and H/R;, varied inversely: LE/R,
dominated over H/R, from March to October, and vice versa for
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Fig. 7. Diurnal energy flux (Ry, LE, H and G;) for each season in the study area. The periods are the same as for the carbon flux.
the remaining period. Approximately 45% to 74% of R, was parti- the cold season. The absolute value of Gs/R, decreased during the
tioned into LE during the growing season, whereas 16% to 45% of growing season.
Ry was partitioned into H in the remaining period. On an annual Fig. 10 shows the energy ratio of H/LE in 2013. The H/LE ratio
basis, the portion of R, consumed in Gs was low, accounting for had high values during the non-growing season, with a range of
approximately 3% in the study area. Water bodies containing low- 0.42-1.28. However, this ratio was as low as —0.04 in July and

temperature ice allowed Gs/R, to dominate in the winter months August, which featured the highest ET rates of the whole year.
(December, January and February) when Gs was predominant in
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Fig. 8. Average monthly Ry, LE and H at the study site. Monthly energy flux from
January to June is the mean of year 2013 and 2014, whereas the flux from July to Fig. 9. Monthly energy ratios (LE/R, H/R, and Gs/R,) during the study period. The
December was calculated as the average of year 2012 and 2013. method used to calculate the monthly average energy flux was as the same as Fig. 8.
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Fig.10. Energy fluxratio (H/LE) calculated each month. The method used to calculate
the monthly average energy flux was as the same as Fig. 8.

3.4.4. Energy balance closure
In this study, the energy balance closure was also examined
based on the energy balance framework:

Rn—Gs=LE+H

Summed daily LE and H fluxes were plotted as a function of the
daily R, — Gs, as shown in Fig. 11. The sum of LE and H equals 66.34%
of the available energy in 2013, 69.27% during the growing season
and 59.77% during the non-growing season.

3.5. Model result

The Wetland-BGC version of the Biome-BGC model was used
to simulate diurnal NEE and ET in the study area. A number of
the parameters were modified before being used. Based on the
environmental factors and the characteristics of the vegetation,
we modified the phenology, C:N ratio and canopy light extinction
coefficient to ensure they were more realistic.

Fig. 12 is a comparison between the modeled and observed NEE
and ET values from July 2012 to June 2014. As shown in this fig-
ure, ET was overestimated during the growing season, but most of
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Fig. 11. Daily H and LE fluxes plotted as a function of the daily R, minus the G;.

the overestimated values for NEE were in non-growing season. We
used the root mean square error (RMSE) between the model sim-
ulation and the observation to evaluate the accuracy of the model
simulation. The RMSE values for NEE and ET were 7.60 and 2.63,
respectively. The coefficient of determination (R?) values between
the model simulation and flux observation for NEE and ET were
0.3065 and 0.6467, respectively.

The trends in the study site’s production and ET can be modeled
in the Biome-BGC model (Wetland-BGC version), but large errors
and uncertainty exist in the model simulation. Model improve-
ments will be researched further in the future.

4. Discussion

4.1. Astrong correlation between carbon and energy fluxes and
environmental factors

4.1.1. Temperature (air temperature and soil temperature)

4.1.1.1. Carbon fluxes. The diurnal CO, flux had a strong relation-
ship of the air temperature and soil temperature. A linear fit was
established between the diurnal CO, flux and the temperature
(Table 1). The R2 value between CO, and the shallow depths (0, 2
and 4 cm) was higher (R? >0.7) than that of the deeper depths (10,
20 and 40 cm). Polynomial fitting was used to compare the corre-
lation between CO, and deeper soil temperatures. The equations
and R2 values for each depth were different, but the R? values of
the polynomial fit for the 10, 20 and 40 cm depths (0.7196, 0.6802
and 0.6377, respectively) were higher than those of the linear fits.
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Fig. 12. Annual variations in the modeled and observed (A) ET (mmday ') and (B)
NEE (gCm~2day~1) for the study site from July 2012 to June 2014.
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Table 1

Calculations of the values of coefficients (a and b) and the proportion of variance
explained (R?) by a linear fit (equation: y=ax+b) applied to the daily average CO,
and CH4 fluxes and different daily average temperatures (air temperature and soil
temperature measured at 0, 2, 4, 10, 20 and 40 cm depths).

Ta Tsoem Ts2em Tsacm Ts10em Ts20cm Ts.40cm

Co, a 0.4729 0.489 04916 0.4941 0.4985 0.507 0.5451
b 2.0484 1.8995 1.9288 1.9817 2.1133 2.0233 19276

R? 0.7205 07305 0.7095 0.7115 0.6821 0.6374 0.5795

CH; a 0.0499 0.0478 0.0476 0.0481 0.0489 0.0481 0.0470
b 0.0581 0.0622 0.0632 0.0632 0.0637 0.0654 0.0714

R? 0.5440 05949 0.5897 0.5855 0.5604 0.5338 0.4998

Table 2

Calculations of the values of coefficients (a and b) and the proportion of variance
explained (R?M) by an exponential fit (equation: y=ae ") applied to the daily ET data
and the various daily average temperatures (air temperature and soil temperature
measured at 0, 2, 4, 10, 20 and 40 cm depths).

Table 3
Pearson’s correlation coefficients (r) between PAR and ET, CO, and CHy,

Growing Season Non-growing Season

Period 1 Period 2 Period 3 Period 4
ET 0.812" 0.842" 0.717" 0.363"
CO, —-0.459” —-0.554" -0.751" -0.232"
CHy 0.396" 0.386" 0.167" 0.597"

Significance of Pearson’s correlation coefficients: **P<0.01.

Table 4
Pearson'’s correlation coefficients (r) between U* and ET, CO, and CHy4,

Growing Season Non-growing Season

Period 1 Period 2 Period 3 Period 4
ET 0.225" 0.409” 0.200" 0.384"
CO, —0.247" —0.405" -0.293" —0.402"
CHg, 0.292" 0.222" 0.049 0.166"

Ta Ts.0em Ts2em Tsacm Ts.10em Ts20cm Ts40em
a 1.0766 1.1426 1.1474 1.1603 1.1949 1.1897 1.1810
b 0.0836 0.0807 0.0810 0.0812 0.0810 0.0810 0.0841
R? 0.7283 0.7197 0.6949 0.6939 0.6457 0.5804 0.5147

The diurnal CH,4 flux was strongly correlated with changes in the
diurnal air and soil temperatures, a finding that had been reported
by many other studies (Lai, 2009; Whalen, 2005). In this study, the
measurements of soil temperature were restricted to 0, 2, 4, 10,
20 and 40 cm depths (Table 1). The 0 cm depth soil temperature
exhibited the strongest correlation (linear fit) with the CHy4 flux,
with an R2 of 0.5949. The air temperature also played an important
role in the relationship between CH, flux and temperature, with an
R2 of 0.5440.

In addition, snowmelt played an important role in CH4 emis-
sion in late March and early April when CH4 emissions increased
rapidly in both 2013 and 2014 (Fig. 13). In contrast, the CH,4 flux
during the non-growing season was close to 0 due to the ice. The
emission of CH,4 requires the water table to be close to the sur-
face: anoxic soil conditions suppress methanotrophic processes
and enhance methanogenic processes. This principle had been con-
firmed by many studies that found increasing CH4 emissions with
rising water tables (Limpens et al., 2008). We were not able to con-
sider the water table because a water-level gauge was not present.
Thus, the relationship between the water table and CH4 emissions
is still unknown in this area. In addition to the studies mentioned
above, many other studies have also identified the water table as
an important factor in CH4 emissions (Raddatz et al., 2009; Godwin
etal, 2013; Nadeau et al., 2013).

4.1.1.2. Energy fluxes. A strong relationship existed between ET
and temperature, including both air temperatures and soil tem-
peratures (Jacobs et al., 2002). An exponential fit was used to
explain the correlations (Table 2). The range of R values was 0.5147
(Ts.40cm )-0.7283 (Ta), indicating that the correlation between air
temperature and ET was strongest. In addition, when the soil depth
was greater than or equal to 10cm, a polynomial fit was more
appropriate for evaluating the relationship (Fig. 13). The R? values
increased 0.7%, 6.9% and 14.4% between ET and soil temperature for
the depths of 10 cm, 20 cm and 40 cm, respectively.

4.1.2. PAR

The relation between half-hour intervals PAR and ET, CO,
and CHy4 fluxes were analyzed with Pearson’s correlation analy-
sis (Table 3). There was significant positive correlation (P<0.01)
between PAR and ET and the Pearson’s correlation coefficient was
0.717-0.842 during the growing season. Half-hour intervals CHy
flux over the growing season were weakly correlated with PAR

Significance of Pearson’s correlation coefficients: **P<0.01.

than non-growing season (r=0.597). Significant negative correla-
tion was between PAR and CO, flux during both growing season
and non-growing season.

4.1.3. Others

4.1.3.1. U*. The half-hour variation in ET was significantly positive
correlated (Pearson’s correlation coefficient, r) with friction veloc-
ity (U*), especially in period 2 (Table 4). The similar relation was
between U* and CO,, flux. But the correlation that occurred between
CH4 flux and U* was not statistically significant in period 3 (P> 0.05).

4.1.3.2. VPD. Diurnal variation in diurnal ET was strongly corre-
lated with associated changes in diurnal VPD (Fig. 14). The fitted line
was determined by non-linear, power function correlation, with
R2 =0.6465.

4.1.3.3. Phenology and water condition. The variation in phenology
was the main environmental factor associated with the seasonal
variations in LE and H, which was similar to the findings of many
previous studies (Admiral et al., 2006; Giambelluca et al., 2009;
Goulden et al., 2007). However, phenology was not a unique factor
in the study area because of the special environmental condi-
tions, high latitude and dry air conditions surrounding the research
area. The water body stored heat and had an important impact on
heat exchange processes, making the heat exchange over the wet-
land stronger than that over dry-surface ecosystems (Lei and Yang,
2010; Li and Li, 2009). Thus, the water condition of a wetland in
an arid region is one of the most important factors in the radiation
allocations.

4.2. High ET of the artificial wetland in an arid area

Due to the low precipitation (approximately 104.6 mmyear~—!)
and high ET (more than 1300.4 mmyear~—!), the drought index of
the study area was 12.43, indicating that this area was very dry.
Surface water and groundwater were the most important sources
of water for the wetland. Compared to natural wetlands, little was
known about the artificial wetland. We collected several previ-
ous studies on ET in natural wetlands and other ecosystems with
similar geographic situations as the Zhangye wetland ecosystem
(Tables 5 and 6).

The annual ET in this study was similar to the average of the
selected values observed in natural wetlands. However, the envi-
ronment differs significantly between the Zhangye wetland and the
natural wetlands. All of the wetland sites were located in humid
areas with higher precipitation and lower ET than the Zhangye
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Fig. 13. Polynomial fit between diurnal ET and soil temperature (for the 10, 20 and 40 cm depths).
Table 5
Comparison of monthly ET in the Zhangye wetland and other natural wetlands.
Wetland type ET range (mean) mmday~! References

Study location (Latitude)

Latitude between 30° and 40°N
Freshwater marsh, California, 33°39'N
Sicily, Italy 37°20'N

Twitchell island, California 38°06'N
Baiyangdian marsh, China 38°53'N

Latitude between 40° and 50°N
Republican river basin, Nebraska 40°17'N
Platte river basin, Nebraska, USA, 41°79'N
China, 41°08'N

USA, 42°30'N

Veneto, Italy, 45°49'N

KBW, Hungary, 46°47'N

Zhalong, China, 46°52'N

Sanjiang Plain China, 47°35'N

Latitude >50°N

James Bay Canada, 51°07'N

Kent, England, 51°19'N

Himley, England, 52°31'N
Bornhoved lake, Germany, 54°06'N
Canada 56°04'N

Canada, 58°40'N

Northwestern Russia, 61°56'N

Bulrush-cattail marsh
Reed dominated wetland
Cattail marsh (restored)
Reed dominated wetland

Reed and cattail dominated wetland
Riparian plant community

Marsh

Reed prairie wetland

Reed dominated wetland

Reed dominated wetland

Reed and cattail dominated wetland
Sedge dominated marsh

Coastal marsh, sedge

Reed dominated wetland

Reed dominated wetland

Reed dominated wetland

Sub-humid western boreal plain wetland
Tundra sedge fen

Boreal peatland fen

0.1-4
0.8-8.0
0.8-12.2 (6)
10.7-20.9 (14.8)

0.1-8.2 (4.4)
0.3-11(4.3)
0.5-5.8
2.5-6.5
0.7-5.0
0.3-4.9
0.2-6.9
0.6-4.8 (2.3)

2.6-3.1
0.5-5.0
0.2-6.3
2.3-36
0.83-1.56
0.5-34
0.45-5.6 (2.5)

Goulden et al. (2007)
Borin et al. (2011)
Drexler et al. (2008)
Xu et al. (2011)

Lenters et al. (2011)
Irmak et al. (2013)
Zhou and Zhou (2009)
Burba et al. (1999)
Borin et al. (2011)
Boldizsar (2007)

Yao et al. (2010)

Sun and Song (2008)

Lafleur (1990)

Peacock and Hess (2004)
Fermor et al. (2001)
Herbst and Kappen (1999)
Brown et al. (2010)
Raddatz et al. (2009)
Runkle et al. (2014)

wetland. In contrast, surface water and groundwater was the most
important source of water for Zhangye wetland.

Table 6 shows the ET from April to September 2013 for three
other sites near the wetland site. All 4 sites shared similar loca-
tions (midstream of Heihe watershed) but different vegetation,

including cropland, orchard and Gobi. The ET in the wetland was
high in April and May, the beginning of growing season for the veg-
etation in the wetland, cropland and orchard. From June to August,
ET in the cropland and orchard increased significantly due to regu-
lar irrigation, while ET in the wetland began to decrease. The Gobi
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Table 6

Comparison of monthly ET in the Zhangye wetland and other sites with the same
location (midstream of Heihe watershed) but with different vegetation, including
cropland, orchard and Gobi (Ma, 2015).

Types Monthly ET (mm)

April May June July August ~ September
Wetland 128.45 167.32 178.01 171.31 153.13 127.2
Cropland 63.14 102.1 141.78 151.1 127.96 93.99
Orchard 69.53 105.3 154.06 155.65 135.22 102.94
Gobi 33.75 57.19 50.52 35.98 29.05 26.82

had the lowest ET among the 4 sites due to sparse vegetation and
little water.

4.3. Management significantly affects carbon and energy fluxes

The Zhangye wetland is an artificial wetland in an arid area.
Human intervention is a major factor influencing the carbon and
energy fluxes. This influence makes an artificial wetland different
from a natural wetland. According to our survey, certain manage-
ment practices occurred in the wetland during the study period.

4.3.1. Irrigation

Abundant crops are present around the Zhangye wetland. Dur-
ing the crop growing season, regular irrigation was performed. The
water level in the wetland decreased when the irrigation occurred.

4.3.2. Policy

Zhangye should “share water” with another county (Mesozoic-
Cenozoic, a county in the lower reaches of Heihe River). During
the period of “sharing water”, all irrigation was stopped, and the
water level increased in the wetland. Three periods of “shared
water”, each 10-15 days long, occur during a year: June, July and
September.

4.3.3. Other human intervention

A channel around the flux tower was dug during December
2012-May 2013. This trenching leaded to a larger water area
and less vegetation than in 2012. These effects might explain the
decrease in ET and NEE between May 2012 and May 2013. How-
ever, in June to September 2013, the ET values were higher than
in 2012 and 2014. These higher values may be due to changes in
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Fig. 14. Relationship between VPD (Pa) and diurnal ET (mmday—').

the quantity of water transported from the channel. The human
interventions may have contributed to the variations in the carbon
and energy fluxes. As shown in Fig. 15, the periods of increased
CHy4 flux include late March and early April, mid-October, late June
and early July and late September. The increase in late March and
early April was related to physical cumulative emissions. CH4 accu-
mulated under the ice during the winter season and burst into the
atmosphere in late March and early April in association with ice
melt and higher air temperatures.

The high CH4 emissions in mid-October were related to a lack
of irrigation. When the crops were reaped, irrigation ceased, and
the water level of wetland increased. In late June and early July and
in late September, the water level increased because of the shared
water policy. We could not quantify the channel’s influences of the
carbon and energy fluxes, but the CH,4 flux increased in May 2013
relative to the same period in 2014 in association with construction
of the channel. The CHy stored in the soil may have been released
when the channel was dug. The low-emissions periods were late
July and early September. The decline in the CHy4 flux followed the
drop in the water level associated with crop irrigation.

The variations in ET were similar to those of the CH4 flux. Pre-
vious studies have found that the water table is the primary factor
controlling CH4 emissions (Godwin et al., 2013; Limpens et al.,
2008; Nadeau et al., 2013; Raddatz et al., 2009) and ET (Long et al.,
2010; Sun et al,, 2011; Irmak et al., 2013).

In this study, the same relationship was observed between the
water level and the CH4 emissions and ET. This relationship differed
from that of a natural wetland because the variations in water level
in the studied wetland result from not only precipitation but also
human interventions. In fact, human interventions primarily con-
trolled the water level in the study area. No measurements of the
water table were available for the wetland; thus, quantifying the
relationship between water level and the carbon and energy fluxes
is difficult.

The simulation based on the Biome-BGC model (Wetland-BGC
version) overestimated the NEE and ET, possibly due to its failure
to account for management practices. Vegetation and land cover
can be changed by human intervention but these factors could be
estimated by the model.

4.4. Is the artificial wetland in an arid area a carbon sink?

As described in Section 3.1, the CH; emissions were calcu-
lated using GWP to estimate the total greenhouse gas balance
based on CO,. The approach for the calculation of GWP was
initially developed to determine the comparative impact of single-
pulse emissions of both CO, and CH4 to the atmosphere for a
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Fig. 15. Diurnal precipitation (mmday~!) and CHy flux (gCH; m—2day~1).
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particular time period (Long et al., 2010). Our results indicate
that the study site is more likely a greenhouse gas sink than a
source. However, with the large uncertainty in the GWP balance,
the application of the standard GWP calculation to the wetland
ecosystem—atmosphere gas exchange is insufficient (Frolking et al.,
2006). Thus, it could be concerned that Zhangye oasis-desert wet-
land was carbon sink during the study period. But we could not
easily consider that it is a persistent carbon sink in this area.

5. Conclusions

We used the EC technique to determine the carbon and energy
fluxes over an artificial wetland in an arid area. Both CO, and CHy
fluxes exhibited strong relationships with temperature (air tem-
perature and soil temperature) and PAR. During the study period,
the wetland was a carbon sink based on the GWP calculations.
The annual average ET between July 2012 and June 2014 was
1300.38 mmyear~!. The diurnal ET was primarily controlled by the
variations in the soil temperatures, VPD and the latent heat flux.
The simulated NEE and ET values based on the Biome-BGC model
(Wetland-BGC version) featured similar trends as the observed val-
ues, but large uncertainties were present between the simulation
and observations. The result of energy balance closure indicated
that the sum of LE and H was equal to 66.34% of the available energy.
Both the CHy4 flux and ET increased and decreased significantly dur-
ing the study period. The water table was one of the most important
factors influencing the CH4 flux and ET. Compared with the environ-
mental factors, human intervention was a more significant factor
with respect to the GHG emissions in this artificial wetland than in
natural wetlands.
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