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ABSTRACT: Because of Earth’s motion, periodic temperature fluctuations
occur in soil on daily and yearly time scales, which inevitably lead to pulsation
of the air pressure in the soil. The Earth–air pressure monitoring technique
called ‘‘hou-qi’’ is the basis of a calendar formulated by the ancient Chinese.
However, the daily/yearly variation of air pressure in the soil is very weak,
according to practical monitoring experiments, so hou-qi has long been considered a pseudoscience. To determine the potential maximum change of Earth–
air pressure, identify what is causing the underlying Earth–air pressure variation,
and reveal the mechanism, we use a closed system, which is a more appropriate
system test of the possible validity of hou-qi, to monitor Earth–air pressure
variation in this paper. The results show that there are potential air pressure
fluctuations of about 120–190 hPa in closed soil over the daily/yearly temperature range of 58–408C. This provides ample magnitude for hou-qi. The
largest contribution made to Earth–air pressure variation was pressurization due
to air warming, with vapor due to water evaporation and desorbed gas having
a
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smaller effects. The soil’s water content has a significant effect on Earth–air
pressure amplitude. Dry soil contributes almost no water vapor, but the adsorbed gases from dry soil have up to a 38-hPa influence on air pressure. The
soil’s salt content also has an important regulating role on Earth–air pressure
and can reduce the influence of vapor pressure. This paper provides a scientific
basis for the ancient Earth–air monitoring system of hou-qi and also has important significance for hydrometeorology and research on the ancient Chinese
civilization.

1. Introduction
Solar radiation is the main source of Earth’s surface energy. In the Sun–Earth
system, the revolution of Earth and its tilted rotational plane relative to the Sun
causes seasonal changes. This leads to the temperatures on Earth exhibiting regular
seasonal changes, so it is Earth’s rotation that is responsible for the observed
diurnal temperature variation. The variation in the incident solar radiation (on
yearly and daily time scales) results in (yearly and daily) periodic fluctuations in
soil temperature. Thus, there is a yearly heterothermozone of about 30-m depth and
a daily heterothermozone, 1 m or so in depth, at Earth’s midlatitudes (Wu and
Nofziger 1999; Kang et al. 2000; Walsh et al. 1991). The regular temperature
changes drive moisture migration in the soil so that the soil’s water content (WC)
undergoes cyclical fluctuations involving condensation and evaporation. The
process of heat conduction in the soil (due to solar radiation fluctuation) also causes
the WC of the soil to change; it can also cause the water vapor concentration within
the air contained in the pore spaces of the soil to fluctuate (Li et al. 2014).
Water vapor fluctuations are bound to cause fluctuations in the vapor pressure.
However, whether it can cause Earth–air pressure (EP) to fluctuate has not been
reported. This heterothermozone exists as a continuum with the outside atmosphere, and it is generally thought that the air pressure in the soil of this zone is
controlled by the atmospheric pressure (Buckingham 1904), so the ground surface
can be thought of as undergoing ‘‘passive respiration’’ (Elberling et al. 1998; He
2009).
In ancient China, an EP-monitoring technique named ‘‘hou-qi (候气)’’ was used
as the foundation of an ancient calendar and used to forecast weather. Indeed, the
expression ‘‘earth–air (地气)’’ is one that is still familiar to Chinese people. The
ancient Chinese believed in the existence of air pressure changes within Earth, and
hou-qi theory is a foundation of the Chinese civilization (Fan 1975). Unfortunately,
the monitoring methods used to validate hou-qi have been lost. As a result, doubts
have gradually appeared since the Ming dynasty about the existence and authenticity of hou-qi (Wang 2016). In the eighth year of the rule of Kangxi (AD 1669),
Earth–air theory was declared fake (after much effort had been made to try to verify
it). This meant that Earth–air theory that had been popular for thousands of years in
China had been officially denounced, fundamentally shaking the foundation of the
Chinese civilization (Huang and Chang 1996; Needham 1962; Dai 2015).
The present author recently monitored EP using modern instruments. The results
obtained showed that the air pressure within the soil undergoes periodical pulsations on yearly and daily time scales, results that appear to support the traditional
Chinese view on the subject. However, the yearly air pressure difference between
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soil (0–6-m depth) and atmosphere is only about 3 hPa, and the daily difference is
only about 2 hPa. These are large, compared to instrument error (60.4 hPa at
208C), but are very small changes compared to the annual average atmospheric
pressure of 860 hPa in the geographical area studied. The small amplitudes of the
changes observed may be a result of the openness of Earth’s surface to free air
exchange at the study point. Certainly, such a small variation is very difficult to
monitor, even using modern instruments. Of course, in ancient times, science and
technology were not as developed as they are today, which makes it rather doubtful
that such small changes could have been successfully monitored in ancient times.
But if the ancient Chinese inhibited exchange of air with the soil, a much larger EP
may have been produced. Therefore, it is very important to determine the EP
potential (i.e., the maximum change in EP amplitude) to hou-qi. If substantial
EP amplitude is found, we need to identify the root causes underlying EP variation
and to elucidate the mechanisms responsible for its variation.
It is well known that an ideal gas is governed by the expression PV 5 nRT, where
P is the pressure of the gas, which is closely related to its temperature (T), the molar
quantity (n), the gas constant (R), and volume (V). In soil, the presence of water
means that the partial pressure due to water vapor is one of the major constituents
of the EP (Buck 1981). Many factors affect the vapor pressure in the soil. Some are
due to the external environment itself (e.g., the intensity of solar radiation, temperature, precipitation, and humidity). In addition, there are internal factors (e.g.,
soil composition, WC, salt content, and particle size). These also have a significant
effect on the activity of soil water (Li and Wang 2014; Li et al. 2016).
In this paper, a closed system research method is used in the laboratory to study
how the soil’s WC, salt content, and adsorption ability affects the water vapor
pressure and air pressure in the soil. The data are analyzed to investigate the
mechanism responsible for the air pressure and its potential. We aim to elucidate
the basic rules governing such activity, both to understand hou-qi and to use for
broader application in geophysical research, such as to explain how deep-buried
mineral elements can penetrate to the surface (Wan et al. 2017). The work also
provides scientific context for those researching the origins of the Chinese civilization and their methods.

2. Materials and methods
In this work, we tested nine soil samples and three controls. Seven of the soil
samples were clay with varying WCs, and two were saline soils. The three
controls were air, water, and NaCl saturated solution. The main subject materials were clay obtained from the sediment of the Daquan River (near the
Mogao Grottoes) and saline soil from the Gobi region near the laboratory. These
were used to compare and analyze the potential influence of temperature on
the EP in soils with different WCs, mechanical composition, and chemical
composition.
Clay samples with WC values of 0.11% (oven dried), 1.8% (air dried), 4.3%,
8.2%, 14.2%, 17.3%, and 21.4% were investigated. The clay was desalinated using
pure water. It was then dried naturally in air, finely ground, and sieved (1.0-mm
mesh). Oven-dried soil was produced by oven-drying samples at 1058C. Samples
were placed in a room for one week at 188C and with a relative humidity (RH) of
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Table 1. The composition and content of the saline soil.
Ion

Cl2

NO32

SO422

Na1

K1

Mg21

Ca21

Total salinity

Percentage mass (%)

0.55

0.04

1.85

0.76

0.03

0.02

0.35

3.60

26%, which led to some moisture being regained (0.11%). Soils with other WCs
were formed from the air-dried clay by directly adding water. In addition, a bottle
of pure water (1.30 kg) was used as a control to represent high-humidity soil
containing free water. Another bottle of saturated NaCl solution (2.95 kg) was used
as another control to preliminarily analyze the effect of salt on the EP.
The saline soil was sampled from under the surface of the Gobi (20–30-cm
depth) at the Mogao Grottoes. After sieving (1.0-mm mesh) and air-drying, the
saline soil’s WC was found to be 5.5%. Samples of the saline soil were ovendried (at 1058C) and then left in the room, whereupon they regained a WC of
1.8%. The composition and content of the salts in the Gobi saline soil were
determined using ion chromatography (ICS-90, Diane, United States). The results
are shown in Table 1.
The distribution of particle sizes in the saline soil and clay were determined
using a laser particle analyzer (Winner 2308), giving the results shown in Table 2.
In this experiment, we used closed systems. Clay and saline soil samples with
different WCs were put into 2.5-L suction filter bottles (about 2500 g of clay and
3400 g of saline soil were used so that they each had the same volume in the bottle).
At the same time, an empty suction filter bottle was used to represent ‘‘air’’ for
comparison purposes. Microthermohygrometers (HOBO U23-001; United States)
were buried in the soil at the center of each bottle: for the control of air, the HOBO
hung in the center of the bottle, and for the controls of water and NaCl saturated
solution, the HOBO hung above the liquid. The temperature and RH were recorded
every 10 min. The devices used are accurate to 60.188C over the range from 08 to
508C; RH readings are accurate to 62.5% over 10%–90% and to 64.0% over
0%–10% and 90%–100%.
The mouths of the suction filter bottles were sealed and then placed in a controlled
temperature–humidity chamber (SETH-Z-040; China). The temperature was controlled to be in the range of 58–408C to coincide with the daily/yearly temperature
variation found in the soil at depths of 10–30 cm in the Dunhuang area. The temperature was increased by 58C at a time, and the system was left to equilibrate for
12.5 or 24.5 h at each temperature stage to ensure time adequacy for the experiments.
Hard plastic conduits connected the bottles to an atmospheric pressure transmitter
(HD9408T), and a paperless recorder (BT805) placed outside the controlled
temperature–humidity chamber was used to record the air pressure every 10 min
(Figure 1). The effects of temperature, salt content, and WC on the air pressure
were subsequently analyzed according to the measured temperatures and pressures.

Table 2. The distribution of particle sizes in the saline soil and clay.
Particle diameter (mm)
Saline soil (%)
Clay (%)

1–2

2–5

5–10

10–20

20–50

50–75

75–200

200–500

500–1000

0
52.10

0
28.25

0
12.29

31.22
7.36

4.88
0

22.40
0

4.37
0

29.25
0

7.89
0
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Figure 1. The experimental equipment used and installation arrangement.

3. Results and analysis
After many experiments, the air pressure and absolute humidity (AH) were
recorded for bottles containing samples of the different clays and saline soils, pure
water, and saturated NaCl solution, and they varied, as shown in Figure 2 (left
panels). The corresponding temperature and RH variation is shown in Figure 2
(right panels).
The air pressures [Figure 2 (left panels)] can be seen to increase stepwise as the
temperature increases in the closed bottle. The maximum differential pressures
over the 58–408C temperature range can thus be determined, as shown in Table 3.
Overall, ignoring the exact nature of the ‘‘soil’’ (i.e., be it soil of different WCs,
water, saturated NaCl solution, or air) there is a 120–190-hPa air pressure variation
when the temperature changes by 358C. Therefore, there is a 3.4–5.4 hPa 8C21
potential change in soil pressure. Thus, the daily or yearly temperature changes that
occur in the closed system soil will cause the air pressure inside the soil to undergo
obvious fluctuations.
However, as soil is a ‘‘half open’’ system, the soil pressure will be affected by
this openness. The closer one is to the surface, the more open the soil is. Therefore,
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Figure 2. Graphs showing the observed variation in (left) air pressure and AH and
(right) temperature and RH for samples of clay, saline soil, pure water, air,
and saturated NaCl solution as a function of time.

even though the temperature changes are more intense near the surface, the greater
openness of the soil in the region greatly reduces the air pressure fluctuations
caused by the temperature changes. Thus, the pressure variation recorded in actual
monitoring experiments will be very small. On the other hand, the air pressure
deeper within the soil may have sufficient potential to enable the fluctuations to be
monitored on a daily and yearly time scale. This may have been the case even in
ancient China. The important point is that large air pressure differences in closed
soil can exist, and this means there is the possibility that they can be monitored and
utilized by hou-qi.
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Table 3. The maximum differential air pressures for soils of different WC, pure water,
NaCl solution, and air over the range 58–408C.
Soil type

Max differential (hPa)

Figure 2 (top left panel)

Data source

8.4% WC clay
4.3% WC clay
1.8% WC clay
Water

190.6
143.6
131.2
145.2

Figure 2 (middle left panel)

0.11% WC clay
14.2% WC clay
17.3% WC clay
21.4% WC clay

119.7
162.1
186.0
185.3

Figure 2 (bottom left panel)

NaCl solution
Air
1.8% saline soil
5.5% saline soil

141.2
123.3
157.5
126.7

The AH varied, as shown in Figure 2 (right panels). As can be seen, the AH rises
with temperature, even in the air bottle [Figure 2 (bottom left panel)]. This may be
due to the bottle’s walls and plug releasing a small amount of adsorbed moisture.
A special note must be made of an interesting phenomenon. Initially, as the
temperature of the samples dropped from the laboratory temperature (about 208C)
down to 58C, an abrupt increase in pressure appeared in the 8.4% WC clay data [see
the yellow box in Figure 2 (top left panel)]. For the others, the pressure declined
with temperature. After the abrupt rise, the form of the pressure variation was the
same in all samples, but the 8.4% WC clay remained consistently higher than the
others by about 10–50 hPa. While repeating this specific experiment, it was found
that if the sample is kept in the bottle, then once the air pressure in the bottle is
balanced with the atmospheric pressure again and the experiment is repeated, this
phenomenon disappears. This phenomenon may occur because when the soil
sample is drying or undergoing WC modulation, the dry soil particles make good
contact with the air, so a certain number of air molecules are adsorbed. When the
temperature drops, the air pressure drops, and the weakly adsorbed air is fully
released. Generally, this kind of phenomenon does not exist in the relatively humid
soil, such as the 17.3% and 21.4% WC clays.
The RH results [Figure 2 (right panels)] show that in the case of air, the RH
becomes significantly lower as the temperature increases. In the 0.11%, 1.8%, and
4.3% WC clay samples, saturated NaCl solution, and 5.5% and 1.8% WC saline
soils, owing to soil released absorbed water as the temperature increases, the RH is
relatively stable at about 1%, 52%, 90%, 78%, 29%, and 8.0%, respectively. Also,
the clay sample WC  8.4% has an RH close to saturation, which is consistent with
the results for pure water.
The RH exhibits transient behavior when the temperature changes abruptly.
Generally, the RH and AH of dry soil (8.4% WC) rise when the temperature
increases rapidly, a very common phenomenon in extremely arid areas (Li et al.
2014). But for wetter soils, especially 21.4% WC clay, RH becomes unsaturated at the
beginning of each temperature stage from 208 to 408C [Figure 2 (right middle panel)].
This is because the wet soil reforms an aggregate structure. The evaporation happens
on the surface, rather than throughout the three-dimensional soil matrix, so soils

Unauthenticated | Downloaded 01/09/23 05:15 AM UTC

Earth Interactions

d

Volume 22 (2018)

d

Paper No. 09

d

Page 8

release water vapor slowly in response to abrupt air temperature changes during the
warmer temperature stages. The same is true for the interface wrapped around
the HOBO. In addition, we can see from Figure 2 that soil temperature generally
reached equilibrium in about 6–8 h, so a temperature-stage duration of 12.5 h is
sufficient, and setting a longer time, such as 24.5 h, is unnecessary.
Because of the differences in the moisture conditions and composition of the
soil, the response of the air pressure to temperature differs depending on the range
involved. As a result, the graphs sometimes cross over around 258–308C [Figure 2
(left panels)]. Considering that there are small temperature differences (Figure 2
right panels), the relationship between air pressure and temperature needs to be
explored in more detail.
The molecular concentration of water vapor can be found by dividing AH by
the molecular weight of water (18 g mol21). The change in molar concentration
of water vapor with temperature is shown in Figure 3 for the different bottles.
The variation found with air is essentially linear. The others vary nonlinearly,
in a manner similar to that shown by standard saturated water vapor, thus reflecting the basic characteristics of the water vapor present. These traces can be
fitted using polynomial regression to produce the quadratic equations shown in
Table 4.
To know how much the soil-released water vapor and the soil air itself contributed to the pressurization, and to determine whether there are other adsorbed
gases released when temperature is increasing, we calculate as below.
Assume that m0 is the concentration of air (molarity) in the suction filter bottle in
the absence of water vapor. Then, the molar concentration in the bottle at t 5 58C,
m58C, will be
m58C 5 m0 1 mw58C ,
where m w58C is the water molar concentration at 58C. Using the expression
m 5 n/V 5 P/RT, we also have
m58C 5 P58C /R(273:15 1 5),
so that
m0 5 P58C /R(273:15 1 5) 2 mw58C .
The value of mw58C can be obtained from the formulas in Table 4 for each sample.
Hence, we can find the air molar concentration m0 at 58C in each bottle. Here, P58C
is the air pressure at 58C, which can be calculated by temperature and relative
humidity (Buck 1981).
Now assume that the volume of the suction filter bottles remains constant between 58 and 408C. According to the equation P 5 mRT, the calculated pressure
(Pc) is
Pc 5 (m0 1 mwt ) RT.
Here, mwt 5 Nwt/1000 (where Nwt is the value calculated from the fitting formulas
in Table 4; unit is m3). We can put m0 and mwt into Pc 5 (m0 1 mwt) RT to calculate

Unauthenticated | Downloaded 01/09/23 05:15 AM UTC

Earth Interactions

d

Volume 22 (2018)

d

Paper No. 09

d

Page 9

Figure 3. The relationship between temperature and water vapor concentration for
the different soil samples used in the experiment.

the air pressure at different temperatures. Then, we can compare Pc with the
measured pressure Pm to know how much desorbed gas has been produced.
The air pressure differences (DP 5 Pm 2 Pc) calculated according to the above
method are shown in Figure 4.
Table 4. The quantitative relationships between water vapor concentration C (mol m23)
and temperature t (8C) in the different soils.
Soil type
Standard saturated water vapor
17.3% WC clay
8.4% WC clay
14.2% WC clay
Water
21.4% WC clay
4.3% WC clay
NaCl saturated solution
1.8% WC clay
5.5% WC saline soil
1.8% WC saline soil
0.11% WC clay
Air

Fitting formula
C
C
C
C
C
C
C
C
C
C
C
C
C

5 0.002t2 2 0.0202t 1 0.5286
5 0.0016t2 2 0.0022t 1 0.3756
5 0.0016t2 2 0.0035t 1 0.3855
5 0.0015t2 2 0.0003t 1 0.363
5 0.0016t2 2 0.003t 1 0.3822
5 0.0014t2 1 0.0009t 1 0.3618
5 0.0015t2 2 0.0033t 1 0.3448
5 0.0012t2 2 0.0005t 1 0.2985
5 0.0009t2 2 0.0028t 1 0.1905
5 0.0006t2 2 0.0032t 1 0.106
5 0.0002t2 2 0.0013t 1 0.035
5 2 3 10205t2 2 3 3 10205t 1 0.0039
5 1 3 10204t2 1 0.0219t 1 0.1688

R2 ( p 5 0.01)
0.9987
0.9992
0.9994
0.9995
0.9994
0.9988
0.9994
0.9989
0.9974
0.9979
0.9975
0.9994
0.9871
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Figure 4. The EP differences between the actual monitored and calculated values.
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Figure 4 shows that in the oven-dried clay (WC 0.11%), air-dried clay (WC
1.8%), and oven-dried saline soil (WC 1.8%) cases, a small amount of adsorbed
air was released as the temperature increased from 58 to 408C. At the beginning of
each temperature stage, the rapid temperature increase results in the release of
gases, and over time, much of these gases will be reabsorbed by the soil. Furthermore, the drier the sample, the greater the release of soil-adsorbed gas as the
temperature increases. At 408C, the desorption effect from the oven-dried saline
soil reached 38 hPa, which is larger than that from the oven-dried clay. This shows
that salt has a distinct effect on the internal pressure.
When the temperature was over 308C, the desorbed gas from the 17.3% and
21.4% WC clays underwent an obvious increase in amount released (Figure 4b).
As a result, in the region of 308–408C, the moisture and other adsorption gases
released from these samples made their pressures increase quickly. Relative to the
initial adsorption shown in Figure 2 (top left panel; yellow box), this corresponds to
strong adsorption.
When the WC of the clay is higher than 4.3% (i.e., 8.4% –17.3%), the vapor
pressure variation is about 60 hPa (Buck 1981). Based on the ideal gas equation to
calculate the pressurization of air m0 in the bottle in the isovolumic process, the
pressurization is about 105 hPa; therefore, the other gases released by the soil
contribute little (,38 hPa; Figure 4). As the water vapor and air in the bottle are not
absolute ideal gases, and considering the experimental error involved, some
measured results are smaller than the calculated values. This is the possible main
reason why negative pressure differences appear in Figure 4.
Overall, for a soil of given WC, it is the soil air itself (m0) that makes the largest
contribution to the pressurization. Second, the release of water vapor occurs due to
the increasing temperature. The smallest contribution is from adsorbed gases. For
very dry soil (especially very dry saline soil), the contribution made by the release
of water vapor is relatively small.

4. Discussion
The maximum air pressure changes found in the controlled laboratory experiment were significantly different from what recently was monitored in the
natural environment. The main cause is that the latter is a closed system, while
the former is an open system. The ancient Chinese people created a closed
system to monitor Earth–air pressure by sealing the opening of a test bamboo
pipe that was embedded in the ground with animal blood using a membrane.
So, they changed an open system to a closed system. When the EP exceeds the
limit that the membrane can bear, the membrane ruptures with a ‘‘blasting
thud’’ (the so-called 地应以响, or ‘‘earth responds with sound’’; Wang 2016).
The monitoring method thus used the natural temperature variation occurring
in nature.
By sealing the surface of the soil and burying the bamboo tubes to specific
depths, a linear correlation between pressure and time could be realized. That is, a
transformation between space and time was realized, so hou-qi does indeed have a
scientific basis for the creation of a calendar. The soil conditions, and especially
the humidity, thus have important effects on the hou-qi. The monitored pressure
and temperature results can also be used to derive linear formulas (Table 5),
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Table 5. Linear formulas derived by fitting the air pressure P (hPa) and temperature
t (8C).
Soil sample

Fitting formula

R2 ( p 5 0.01)

17.3% WC clay
8.4% WC clay
14.2% WC clay
Water
21.4% WC clay
4.3% WC clay
NaCl saturated solution
1.8% WC clay
5.5% WC saline soil
1.8% WC saline soil
0.11% WC clay
Air

P 5 3.7294t 1 780.51
P 5 4.4569t 1 831.8
P 5 5.0462t 1 758.68
P 5 4.3085t 1 783.1
P 5 5.144t 1 747.41
P 5 4.3807t 1 781.73
P 5 3.8149t 1 798.02
P 5 4.0525t 1 790.38
P 5 3.4949t 1 807.66
P 5 4.753t 1 822.16
P 5 3.6552t 1 799.39
P 5 4.0176t 1 804.58

0.9895
0.9907
0.9748
0.9899
0.9545
0.9928
0.9989
0.9936
0.9881
0.9821
0.9944
0.9623

which provide a reference for choosing a suitable soil for sealing to monitor the
hou-qi. The intercepts in these fitting formulas are associated with the atmospheric
pressure when the bottle was closed (i.e., the number of moles of air in the bottle at
the time).

5. Conclusions
To determine the maximum change amplitude of the EP, identify what is causing
the underlying EP variation, and reveal the mechanism, we monitored the air
pressure above clay and saline soil samples with different water contents under
closed conditions. It was found that the air pressure has a potential variation of
about 120–190 hPa over the range 58–408C. Besides thermal pressurization, the
water vapor concentration has an important effect on the EP. The dryness and
presence of salts also have important effects on the vapor pressure of the soil and
regulate the EP. Dry soil can absorb more gases from the air, and as the temperature
increases, the air subsequently desorbed will have up to a 38-hPa influence on the
air pressure.
Influenced by water vapor, the air pressure depends on temperature quadratically. Therefore, when the temperature is high, the vapor pressure increases rapidly.
Under the influence of temperature, EP undergoing ‘‘autonomous respiration’’ and
the closed soil could generate sufficient pressure to be detected by the ancient
Chinese monitoring method known as hou-qi.
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