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ABSTRACT: Desert carbon sequestration plays an active role in promoting
carbon neutralization. However, the current understanding of the effect of
hydrothermal interactions and soil properties on desert carbon sequestration
after precipitation remains unclear. Based on the experiment in the hinterland
of the Taklimakan Desert, we found that the heavy precipitation will accelerate
the weakening of abiotic carbon sequestration in deserts under the
background of global warming and intensified water cycle. The high soil
moisture can significantly stimulate sand to release CO2 at an incredible speed
by rapidly increasing microbial activity and organic matter diffusion. At this
time, the CO2 flux in the shifting sand was synergistically affected by soil
temperature and soil moisture. As far as soil properties are concerned, with
less organic carbon substrate and stronger soil alkalinity, the carbon
sequestration of shifting sand is gradually highlighted and strengthened at
low temperature. On the contrary, the carbon sequestration of shifting sand is
gradually weakened. Our study provides a new way to assess the contribution of desert to the global carbon cycle and improve the
accuracy and scope of application.
KEYWORDS: Taklimakan Desert, desert carbon sequestration, CO2 flux; hydrothermal interaction,
ensemble empirical mode decomposition (EEMD)

1. INTRODUCTION
Enhancing carbon sequestration in terrestrial ecosystems is one
of the most economical and feasible ways to achieve carbon
neutrality.1 In 2030, China’s CO2 emission peak is expected to
reach 11 billion tons, and the terrestrial ecosystem is expected
to undertake the neutralization task of 2.0−2.5 billion tons
each year. Therefore, it has become an important research
direction related to climate change and balanced social
development to accurately assess the carbon budget capacity
of each ecosystem and to seek scientific ways to increase sinks.2

To date, most studies on the global carbon cycle and carbon
sequestration capacity assessment for different ecosystems have
mostly focused on high-productivity ecosystems such as
forests, grasslands, wetlands, and farmland. At present, the
determinable carbon sink rate of terrestrial ecosystems in
China is approximately 1.03−1.6 billion tons per year.3,4 This
is still far from the carbon neutral target of the ecosystem.
Evidence is mounting that the vast desert ecosystem, which

accounts for approximately 21% of the global land area, will
absorb and sequester a large amount of CO2 in the absence of
photosynthesis to play a carbon sequestration role. It plays an
active role in promoting carbon neutrality, narrowing the gap
in missing carbon sinks, and mitigating climate warming.5−7

Due to the extremely low productivity and the lack of organic
substrate supply in the soil, the number, activity, and diffusion
of soil microorganisms are limited in the extremely arid desert

ecosystem,8 which inhibit biological respiration in the desert
and are dominated by abiotic physical and chemical processes
with low CO2 flux.6,7,9 At the same time, the response of the
desert ecosystem to environmental conditions is different from
that of other ecosystems, and it is particularly vulnerable to
climate and land use change.10,11 Thus far, the main processes
whereby deserts act as carbon sinks may include the following:
(1) variation in the volume of gases caused by changes in
pressure and temperature governed by the ideal gas law, (2)
changes in the solubility of CO2 in soil water films governed by
Henry’s Law, (3) pH-mediated CO2 dissolution chemistry, and
(4) surface adhesion of CO2 onto soil minerals.12−15 The
sequestered CO2 may gradually enter the groundwater through
the leaching process and finally converge in the underground
saline water layer with the movement of groundwater under
the desert.16 This process is similar to the inorganic carbon
sink in the ocean.17
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The Taklimakan Desert (TD) of northwestern China, also
called the “Sea of Death”, is the second largest shifting desert
in the world. It is a typical representative of deserts in the
world. It has the characteristics of being located far from the
sea and exhibiting the driest climate, the rarest vegetation, the
most complex dune types, the highest mobility of dunes, the
largest proportion of shifting sand areas, the thickest shifting
sand layer, and the smallest sand particle size.18 Our latest
research revealed that both the expansion/contraction of soil
air containing CO2 caused by heat fluctuation in sand and the
salt/alkali chemistry control the release/absorption processes
of CO2 in the TD. The small daily fluctuation of extremely low
soil moisture is not enough to overcome the restrictive effect of
long-term drought on the CO2 flux of sand, which makes the
contribution of soil moisture to the CO2 flux in the sand very
limited, and the fluctuation range is very small.6,7 However,
global warming has intensified the water cycle in recent years.
This has led to a gradual increase in global total precipitation
and extreme precipitation events, especially in arid and
semiarid regions.19 The TD is also affected by warming and
humidification, which increase precipitation, and heavy
precipitation events often occur.20,21 The TD, which has
been dry for a long time, is relieved temporarily after a heavy
rainfall event. The total precipitation, precipitation frequency,
and precipitation time are the key factors determining the
impact of precipitation pulses on carbon exchange in desert
ecosystems.22 Compared with soil temperature, soil moisture
has a stronger ability to regulate CO2 flux in some cases and
controls the sensitivity between CO2 flux and soil temper-
ature.23−25 After precipitation falls in the desert, it will affect
many key processes controlling the carbon budget of the
desert, such as soil heat transfer, CO2 dissolution in soil water,
saline/alkali concentration in soil, microbial quantity and
activity, and organic substrate diffusion. A high soil moisture
can promote the dissolution of CO2 in water and carbonate
dissolution, thus enhancing the CO2 influx in sand. At the
same time, high soil moisture can also stimulate biological
respiration to promote CO2 release.

9 This leads to an uncertain
impact on the carbon sequestration capacity of the
desert.9,26−28 The insufficient understanding of the impacts
of hydrothermal interactions and soil properties on the CO2
flux in deserts is the main problem causing uncertainty in
evaluating the desert carbon sink capacity. This has led to the
contribution and status of desert ecosystems not being
accurately determined in the global carbon cycle.

In the hinterland of the TD, an observation experiment of
the CO2 flux of sand under hydrothermal interactions was
conducted by collecting shifting sand samples with obvious
water gradient changes in different parts of the dunes after
heavy rainfall. This study was conducted to improve the
understanding of the driving mechanism of the CO2 budget in
shifting sand through the analysis of the influence of
hydrothermal interactions and soil properties on the CO2
flux of shifting sand under the process of water loss. On this
basis, we attempted to establish a scheme to estimate the CO2
flux of shifting sand. In addition, the estimation scheme was
verified by a CO2 flux observation experiment at the northern
edge and hinterland of the TD to enhance the comprehensive
understanding of the carbon sequestration mechanism of
desert ecosystems and to determine the advantages of desert
ecosystems in promoting carbon neutralization. This will lay a
foundation to accurately assess the total carbon sequestration
of global deserts and their contribution to the carbon cycle.

2. MATERIALS AND METHODS
2.1. Site Description. The TD covers a total area of 3.376

× 105 km2, of which approximately 70% is covered by
continuous shifting sand.29 It is one of the important sources of
global dust aerosols.30,31 This experiment was carried out in
shifting sand around the National Observation and Research
Station of Desert Meteorology, Taklimakan Desert of Xinjiang
(38° 58′ N, 83° 39′ E, 1099 m above sea level), which is
located in the hinterland of the TD (Figure 1). This station is
considered the most representative station for the study of the
TD. The region has a warm temperate arid desert climate, with
an average annual precipitation of only 25.9 mm, concentrated
from May to August.32 In recent years, the precipitation and
probability of heavy precipitation have increased in the study
area with the gradual warming and humidifying climate in
northwestern China. The annual potential evaporation is
3812.3 mm, nearly 150 times the annual average precipitation.
The study area has four distinct seasons and a large
temperature difference between day and night. The annual
average temperature is 12.1 °C, with the maximum temper-
atures of 46.0 °C and the minimum temperatures of −32.6 °C.
The easterly wind prevails throughout the year, with an average
annual wind speed of 2.3 m s−1. The extremely harsh
environment results in almost no natural vegetation coverage
in this area. The abundant shifting sand on the ground
provides a sufficient material source for dust weather. The

Figure 1. Left: the distribution of land cover types in the Taklimakan Desert (TD)29 and the location of the National Observation and Research
Station of Desert Meteorology, Taklimakan Desert of Xinjiang (red star). Right: the distribution of sampling points and the layout of instruments
used in the field experiment. The soil samples collected at four parts of the dune slope were buried in the flat shifting sand to carry out the
comparative observation of CO2 flux of different samples.
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annual average duration of floating dust and sand blowing
exceeds 157 days, and the annual average duration of sand
storms is 16 days.18

2.2. Experimental Design. A rare precipitation event of
34.0 mm occurred in the study area on May 14, 2021. With the
continuous loss and flow of soil moisture, a gradient
distribution of soil moisture gradually formed on the shifting
sand slope two days later. Then, we set four sampling points
along the slope from low to high (i.e., the direction of soil
moisture gradually decreased), with an interval of 30 m
between adjacent sampling points. Approximately 30 kg of 0−
20 cm surface shifting sand was collected at each sampling
point and placed into a plastic box, corresponding to samples
1−4. Four soil respiration collars with a cross-sectional area of
371.8 cm2 and a height of 10 cm were embedded into each soil
sample to a depth of 8 cm, and they were placed in the
laboratory for two days to stabilize. Then, four soil samples
with plastic boxes are buried in flat shifting sand, and the sand
surface height inside and outside the plastic box was adjusted
to remain consistent (Figure 1). From May 19 to 29, 2021, a
soil CO2 flux automatic measurement system equipped with
four air chambers (Model LI-8100A fitted with a LI-8150
multiplexer, LI-COR, Nebraska, USA) was used to synchro-
nously monitor the CO2 flux of each sample every half an hour.
In past research, we tested the application performance of LI-
8100A in deserts, and the measurement accuracy of ±0.02
μmol m−2 s−1 met the experimental requirements.32 In each
soil sample, soil temperature sensors (Model 109, Campbell
Scientific, USA) were installed at depths of 0 and 10 cm, and
soil moisture sensors (SM926, Truwel Inc., China) were
installed at a depth of 3 and 10 cm to monitor the change in
the soil temperature and soil moisture during the entire
observation period. In addition, soil samples from depths of 0−
10 and 10−20 cm were collected at four sampling points to
analyze the organic carbon content (SOC), pH, soil total salt
(STS), and other properties of each sample (Table 1).

2.3. Statistical Analyses. 2.3.1. Ensemble Empirical
Mode Decomposition (EEMD). Empirical mode decomposi-
tion (EMD) is a signal decomposition method based on the
time-scale characteristics of the data itself proposed by Huang
et al. It is a time-frequency domain signal processing method
without setting any basis function in advance.33,34 EMD has
obvious advantages in processing nonstationary and nonlinear
data and has a high signal-to-noise ratio. With this method,
complex signals can be decomposed into finite intrinsic mode
functions (IMFs), and each IMF component contains the local
characteristic information of the original signal at different time
scales. However, the modal aliasing problem in this method
makes feature extraction, model training, and pattern
recognition difficult. To solve the problem of mode aliasing,

Huang added white noise to the signal to propose the
ensemble empirical mode decomposition (EEMD).

2.3.2. Establishment of the Parameter Scheme and
Verification. EEMD was used to decompose the CO2 flux of
shifting sand under the combined control of soil water and
heat to reveal the effects of soil moisture and soil temperature
on the CO2 flux of shifting sand. On this basis, combined with
the properties of shifting sand, we established an empirical
CO2 flux estimation scheme for shifting sand. In addition, the
estimation scheme was verified by using the observation data
of dry riverbeds and shifting sand on the northern edge of the
TD in January 2013 and the observation data of the CO2 flux
of shifting sand after artificial simulated precipitation in the
desert hinterland in July 2019.

3. RESULTS
3.1. Effect of Precipitation on the CO2 Flux of Shifting

Sand. The CO2 flux of dry shifting sand in the TD was
calculated using the scheme established in previous experi-
ments.6 As expected, compared with Yang et al., who
represented the CO2 flux of dry shifting sand, the 34.0 mm
precipitation event increased the daily fluctuation and daily
total flux of CO2 for samples 1−4. The increase degree
gradually strengthened along the dune slope from high to low
(i.e., the soil moisture changed from low to high) (Figure 2).
Sample 1 released CO2 at an incredibly high rate, which was
most obvious in the first two days, and the carbon sink
completely disappeared at night. The stimulating effect of the

Table 1. Description of the Physical and Chemical Properties of the Shifting Sand at Four Sampling Pointsa

sample no. depth (cm) initial VWC(m3 m−3) SOC (g kg−1) pH STS (g kg−1) CO3
2−(g kg−1) HCO3

−(g kg−1) Cl−(g kg−1) SO4
2−(g kg−1)

sample 1 0−10 0.169 0.811 9.61 8.50 0.008 0.104 0.554 2.221
10−20 0.486 9.28 2.50 0.000 0.012 0.066 0.353

sample 2 0−10 0.05 0.584 9.35 12.00 0.018 0.105 3.900 1.201
10−20 0.583 8.88 0.33 0.001 0.023 0.040 0.043

sample 3 0−10 0.058 0.499 8.35 1.25 0.000 0.014 0.084 0.396
10−20 0.418 8.32 0.15 0.000 0.022 0.020 0.010

sample 4 0−10 0.017 0.104 8.53 0.28 0.000 0.021 0.027 0.084
10−20 0.476 8.36 0.08 0.000 0.022 0.004 0.130

aVWC, SOC, and STS are soil moisture, soil organic carbon, and soil total salt, respectively.

Figure 2. Comparison of the CO2 flux of different samples after
rainfall. The soil moisture gradually decreased along the dune slope
from low to high, and the corresponding samples were samples 1−4.
In addition, Yang et al. is a scheme established in previous
experiments to estimate the CO2 flux of dry shifting sand in the TD.
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precipitation gradually decreased over time. During the
observation period, sample 1 released 4.62 g of CO2 into the
atmosphere. For samples 2 and 3, the effect of the precipitation
on the CO2 flux was not as obvious as that of sample 1. The
diurnal carbon emissions and nocturnal carbon sequestration
of samples 2 and 3 were enhanced at the same time. During the
observation period, samples 2 and 3 successively released 1.49
and 1.12 g of CO2 into the atmosphere. The diurnal
fluctuation of sample 4 also increased, but the CO2 released
during the day and absorbed at night was in balance, i.e., it
basically remained carbon neutral. The response of the CO2
flux of shifting sand to this precipitation event made us very
curious. To further analyze the stimulating effect of
precipitation, we removed the CO2 flux of dry shifting sand
from each sample in the subsequent analysis (Figure S1).

3.2. Control of CO2 Flux of Shifting Sand by
Hydrothermal Synergy. As shown in Figures 3 and 4, the

CO2 flux of each sample showed a synchronous daily variation
with the surface soil temperature (T0cm) after the CO2 flux of
dry shifting sand was removed. Soil temperature is one of the
key factors driving the CO2 flux of shifting sand.35,36 However,
precipitation stimulation will weaken the synchronization
between the CO2 flux and soil temperature. This was most
significant in sample 1. The soil moisture at 10 cm (VWC10cm)

of sample 1 reached 0.169 m3 m−3 at the beginning of the
experiment. In the process of decreasing the soil moisture, the
diurnal fluctuation in the CO2 flux of shifting sand showed an
obvious weakening trend while maintaining a good diurnal
variation. This shows that the CO2 flux of sample 1 was
obviously affected by the synergistic effect of T0cm and
VWC10cm. In contrast, the VWC10cm of samples 2−4 was far
lower than that of sample 1. Their CO2 fluxes had a good
linear relationship only with T0cm (R2 > 0.808, P < 0.001), i.e.,
not with VWC10cm. Therefore, after analyzing the CO2 flux and
VWC10cm of all samples (Figure 5), we found that the
stimulatory effect of soil moisture on the CO2 flux of the
shifting sand had an obvious threshold on both hourly and
daily scales. When the VWC10cm was higher than 0.05 m3 m−3,
the stimulatory effect of soil moisture was more obvious, and
the CO2 flux of shifting sand increased rapidly with increasing
soil moisture. When the VWC10cm was lower than 0.05 m3 m−3,
the stimulatory effect of soil moisture was not obvious�it
slightly enhanced the diurnal release and nighttime absorption
of CO2 by shifting sand and was strictly controlled by T0cm.

3.3. Dismantling the Synergism of Soil Water and
Heat. To further understand the synergistic effect of soil water
and heat, the CO2 flux of sample 1 after removal of the CO2
flux of dry shifting sand was disassembled by the EEMD
method. As shown in Figure 6, C4 and C9 of the nine IMFs
obtained had significant daily fluctuations and gradually
decreasing trends, respectively. According to the change
trend, they had good correspondence with T0cm and
VWC10cm, respectively, of sample 1. Based on the above
analysis, C9 was further analyzed as part of the CO2 flux under
the strict control of VWC10cm. During the observation period,
C9 and VWC10cm showed a decreasing trend and significant
piecewise linear relationship. When VWC10cm is between 0.05
and 0.12 m3 m−3, C9 increases rapidly with the increase of
VWC10cm (R2 > 0.933, P < 0.001). When VWC10cm is greater
than 0.12 m3 m−3, the increasing speed of C9 with the increase
of VWC10cm becomes relatively slow (R2 > 0.940, P < 0.001).
The sum of C1−C8 can be regarded as part of the CO2 flux
under the strict control of T0cm. The pattern of diurnal change
between C1−8 and T0cm was highly consistent and showed a
significant linear relationship (R2 > 0.734, P < 0.001) (Figure
7). Based on a comparison of Figure 4a,b, after the disassembly
of EEMD, the regression relationships between CO2 flux and
T0cm and VWC10cm were enhanced. This means that, after
removal of the CO2 flux of dry shifting sand, the CO2 flux of
sample 1 revealed the corresponding control parts of soil
temperature and soil moisture.

3.4. Regulatory Effect of Shifting Sand Properties on
the CO2 Flux. After removal of the control effect of soil
moisture, the CO2 flux of shifting sand was still significantly
affected by soil temperature. Therefore, the soil temperature
was a very important factor controlling the CO2 flux of shifting
sand from beginning to end. Soil moisture also plays an
important role in regulation and may exceed the role of soil
temperature in some periods, but the regulation of soil
moisture is sporadic and has a threshold. As shown in Figure
8a, there was a certain difference in the strong linear regression
relationship between the CO2 flux of each sample and T0cm
after removal of the CO2 flux of dry shifting sand and the
control effects of soil moisture. We determined that the
difference was mainly due to the responses of different shifting
sand sample properties (such as organic carbon substrate,

Figure 3. Relationship between the CO2 flux of samples 1−4 and the
soil moisture at 10 cm (VWC10cm) and the surface soil temperature
(T0cm) after the removal of the CO2 flux of dry shifting sand; a, b, c,
and d represent samples 1−4, respectively.
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microbial number, enzyme activity, pH, etc.) to soil temper-
ature fluctuations.
SOC and pH are the best indicators to measure soil health.

In combination with the sample property analysis data (Table
1), we determined that the SOC and pH can be used as two
key factors to reflect the difference in shifting sand properties
and to analyze the mentioned difference in the temperature
response. To make the analysis results more universal across
the TD, based on the observation data of the four current

samples, the CO2 flux observation data of the shifting sand in
the study area in October 2013, May 2015, and July 2019 were
included for comprehensive analysis. As shown in Figure 8b,c,
the slope (k) and intercept (b) of the linear regression between
the CO2 flux data excluding the carbon exchange of dry shifting
sand and T0cm had significant linear relationships with the SOC
and pH, respectively, of the shifting sand (R2 > 0.899, P <
0.001). This also means that more organic carbon and more
neutral in shifting sand will increase the CO2 flux. On the

Figure 4. Regression relationship between the CO2 flux of samples 1−4 and the surface soil temperature (T0cm) and the soil moisture at 10 cm
(VWC10cm) after the removal of the CO2 flux of dry shifting sand; a, c, e, and g represent the regression relationships between samples 1−4 and
T0cm, respectively, and b, d, f, and h represent the regression relationship between samples 1−4 and VWC10cm, respectively.
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contrary, the reduction of organic carbon and the increase of
alkalinity in shifting sand will reduce CO2 emissions and
highlight the role of carbon sequestration. At the same time,
the carbon sink capacity is enhanced at low temperature.

4. DISCUSSION
4.1. Precipitation Stimulates the Release of CO2 from

Nonvegetated Shifting Sand. In desert ecosystems with
low long-term water availability, precipitation events usually
occur as rare pulse events, which have an important impact on
desert carbon reserves. In the nonvegetated shifting sand of the
TD, we found that the soil moisture significantly stimulated the
shifting sand to release CO2 at an incredibly high rate by
rapidly awakening dormant microorganisms, improving the
microbial activity and substrate diffusion when the soil
moisture at 10 cm was higher than 0.05 m3 m−3 under the
stimulation of desert rainfall events. With the continuous loss
of soil moisture, the stimulation of precipitation gradually
declined. This phenomenon, i.e., that precipitation stimulated
the desert to release CO2, is similar to the research results of
Ma et al.27 and Sagi et al.9 Under the background that global
warming has intensified the water cycle, the increase in total
precipitation and extreme precipitation events will accelerate
the attenuation of the current carbon sink rate of 1.6 million
tons per year of shifting sand in the TD.7 However, it is
different from the phenomenon that the carbon sink intensity
increased with an increase in precipitation in the Chihuahua
Desert,37 the Mu Us Desert,38 and the Badain Jaran Desert.39

Different deserts will cause different responses of CO2 flux to
precipitation due to different soil properties. In addition, the
enhancement of the desert carbon sink by precipitation may be
closely related to the mentioned desert not being completely
nonvegetated. Under the stimulation of precipitation, the
photosynthesis of desert sparse vegetation is enhanced, which
strengthens the role of the desert carbon sink. In the
nonvegetated shifting sand of the TD, the occasional heavy
precipitation not only did not fundamentally alleviate the
continuous drought but also did not improve the vegetation
coverage. Therefore, the carbon sink intensity of nonvegetated
shifting sand will not increase due to the occasional
precipitation but will continue to decrease.

4.2. Soil Properties Affect the Response of CO2 Flux
to Soil Temperature. Compared with the increase in soil
moisture by precipitation, the soil temperature affects all
processes of the CO2 flux of shifting sand from beginning to
end.40 In particular, the effect of soil temperature remained
prominent after the precipitation stimulated the shifting sand
to release CO2. This means that the soil temperature not only
controls the expansion/contraction of soil air containing CO2
but also controls the decomposition of the soil substrate, the
carbon sequestration of salt/alkali chemistry, and other
processes with the participation of soil moisture. This is
different from the sensitivity of CO2 flux to soil temperature
controlled by soil moisture in the Mu Us Desert. In particular,
the CO2 flux and soil temperature will be completely
decoupled under the condition of low soil moisture.25 In
addition, SOC and pH were used to express the difference in
the CO2 flux response to soil temperature caused by shifting
sand properties after excluding the soil water control. The
linear increasing relationship between SOC and k reflected the
sensitivity of substrate supply and decomposition to soil
temperature, and the linear decreasing relationship between
pH and b more closely reflected the role of the inorganic
carbon sink of soil salt/alkali. Therefore, the CO2 generated by
substrate decomposition gradually decreased with a less
organic carbon substrate. At the same time, as the soil tends
to be more alkaline, the solubility of CO2 increases

Figure 5. Regression relationship between the CO2 flux of all samples
and the soil moisture at 10 cm (VWC10cm) on hourly (blue) and daily
scales (red) after the removal of the CO2 flux of dry shifting sand.

Figure 6. Nine IMFs were obtained from sample 1 by EEMD after
removal of the CO2 flux of dry shifting sand. (a) The CO2 flux of
sample 1 after the removal of the CO2 flux of dry shifting sand. (b−j)
Nine IMFs from C1 to C9.
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exponentially with increasing pH,41 which promotes CO2
influx in shifting sand. Then, under smaller corresponding k
and b, the carbon sequestration of shifting sand will gradually
play a role and will be strengthened at low soil temperature.
This result was similar to that obtained in the research of Ma et
al.,42 Zhao et al.,43 and Sagi et al.9

4.3. Empirical Scheme for Estimating CO2 Flux of
Shifting Sand. With the further understanding of the effect of
hydrothermal synergy and soil properties on carbon exchange
of shifting sand, this also provides a possible way to evaluate
the carbon sink capacity of shifting sand in the TD. The
process framework of the estimation scheme was determined
in detail (Figure 9). First, the disassembly experiment and
temperature control experiment in a previous study were used
to determine the effect of the soil temperature difference and
temperature change rate on the expansion/contraction of air
containing CO2 in shifting sand, and then the CO2 flux of dry
shifting sand (R1) was estimated.6,7 Second, we assessed
whether the soil moisture at 10 cm of shifting sand exceeded
the threshold value of 0.05 m3 m−3. If the soil moisture
threshold was exceeded, the piecewise linear regression
relationship between C9 and soil moisture based on EEMD
was used to estimate the part of CO2 flux controlled by soil
moisture (R2). In this process, the effect of soil moisture on
stimulating the rapid release of CO2 from shifting sand became
relatively slow when the soil moisture at 10 cm was higher than

0.12 m3 m−3. This may be caused by high soil moisture
reducing the gas permeability of shifting sand and forming an
anoxic environment. If it was lower than the threshold value of
soil moisture, the stimulation of soil moisture was directly
ignored. Finally, the temperature response relationship of CO2
flux controlled by SOC and pH was used to estimate the part
of CO2 flux controlled by the soil properties of shifting sand
(R3). The superposition of the above three CO2 fluxes is the
total CO2 flux of shifting sand. The internal logic of the
estimation scheme conforms to the theoretical framework of
carbon sequestration in arid areas9 and has better practical
operability.

The above scheme was verified by using the observation data
of CO2 exchange in the dry riverbed and shifting sand on the
northern edge of the TD. In the experiment, as the soil
moisture at 10 cm did not exceed the threshold value of 0.05
m3 m−3, the stimulation of soil moisture was considered not
obvious. In addition, the observation data of the CO2 flux of
shifting sand after simulated precipitation in the hinterland of
the TD were used to verify the above scheme again. On July
16, 2019, distilled water with a corresponding precipitation of
5 mm was added to the shifting sand. As shown in Figures S2
and S3, there was a good linear relationship between the
estimated value and observed data (R2 > 0.678, P < 0.001).
This shows that the empirical scheme well estimated the CO2
flux of shifting sand in the TD.

Figure 7. After EEMD disassembly, the corresponding relationship between C9 and the sum of C1−C8 (C1−8) and VWC10cm and T0cm. (a) The
CO2 flux of sample 1 after removal of the CO2 flux of dry shifting sand. (b) The time series of C9 and VWC10cm. (c) The time series of C1−8 and
VWC10cm. (d, e) Their respective regression relationships.
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5. CONCLUSIONS
Global warming has intensified the water cycle, resulting in an
increase in total precipitation and extreme precipitation events
in deserts. This will affect several key processes controlling
carbon sequestration in deserts. Based on the experiment in
the hinterland of the Taklimakan Desert, we found that the soil
moisture significantly stimulated the shifting sand to release
CO2 at an incredibly high rate by rapidly awakening dormant
microorganisms, improving the microbial activity and substrate
diffusion when the soil moisture at 10 cm was higher than 0.05

m3 m−3 under the stimulation of desert rainfall events. The
heavy precipitation will accelerate the weakening of abiotic
carbon sequestration in deserts under the background of global
warming and intensified water cycle. At this time, the CO2 flux
in the shifting sand was synergistically affected by soil
temperature and soil moisture. Since then, the stimulation of
precipitation gradually declined with the continuous loss of soil
moisture. During the period when the soil moisture was lower
than the threshold, the CO2 budget of shifting sand was only
strictly controlled by the soil temperature. As far as soil

Figure 8. (a) Linear regression of different samples between the CO2 flux and T0cm after excluding the CO2 flux of dry shifting sand and the
stimulation of soil moisture. (b−c) The relationship between the slope (k) and intercept (b) of the linear regression relationship and soil organic
carbon (SOC) and pH of shifting sand.

Figure 9. Process framework of empirical scheme for estimating the CO2 flux of shifting sand in the Taklimakan Desert. T0−10cm, ΔT10cm/Δt,
VWC10cm, and SOC are difference in soil temperature between depths of 0 and 10 cm, rate of change in soil temperature at a depth of 10 cm, soil
moisture at 10 cm, and soil organic carbon, respectively.
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properties are concerned, with less organic carbon substrate
and stronger soil alkalinity, the carbon sequestration of shifting
sand is gradually highlighted and strengthened at low
temperature. On this basis, we have established and verified
an empirical scheme for estimating CO2 flux of shifting sand in
TD. The scheme is very helpful for the desert carbon cycle,
and it can also provide a good theoretical basis for estimating
the carbon sequestration capacity of desert ecosystems. In the
future, we will continue to optimize the scheme to improve the
estimation accuracy through more observation experiments.
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