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Abstract. In order to uncover the heavy precipitation percolation feature and formation mechanism 
intensity in the deep vadose zone called black box, the nonlinear dynamical system theory was introduced 
in this paper. By in-situ monitoring the water dynamics in Taihang piedmont deep aeration zone, the 
heavy precipitation infiltration-evaporation process, wetting front advancing process, water storage 
changing process were analyzed. The result showed that: (1) the deep vadose zone was a “balance-
unbalance-balance” nonlinear dynamical system. And the water infiltration was a typical nonlinear 
process; (2) the forming mechanism comprised of the internal control parameter vector C determined by 
vadose zone lithology, and the external forcing terms G(t) determined by rainfall, evaporation and human 
activities ect.; (3) when the time, space scale is large enough, the non-autonomous system could be 
transformed into a free system and linear system. 
Keywords: deep vadose zone, soil water distribution, heavy precipitation, nonlinear infiltration, TDR100 
system 

Introduction 
A nonlinear system cannot be described by a linear mathematical model. In the 

system at least one part or all parts have nonlinear characteristics and have nonlinear 
interaction among them. The basic characteristics of nonlinear system lead to the 
diversity and multiple scales of dynamic process in the system, so the nonlinear 
system’s study is more complicated than the linear system’s study. The nonlinear 
system cannot satisfy superposition principle and its mass action is greater than the sum 
of partial actions. The interaction of many small nonlinear factors in the nonlinear 
system may generate unpredictable results. The continual dynamic system could be 
expressed by the following equations (Li, 2006). 
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At least one of f1, …, fn is nonlinear function, C = (C1, C2, …, Cm) represents 

control parameter vector and F = (f1, f2, …, fn). So Equation 1 can be considered a 
vector. 
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 Z = F (X, C) (Eq.2) 
 
The system described by Equation 2 has no external forcing and is a free system. If 

external forcing G (t) is introduced the system will be a forcing system which can be 
expressed by Equation 3. 

 
 Z = F (X, C) + G (t) (Eq.3) 
 
Equation 2 contains the time t so the system is known as non-autonomous system 

which can be expressed by Equation 4. 
 
 Z = F (X, C, t) (Eq.4) 
 

In Equations 3 and 4, G(t) and t are considered as a new state variable and the system 
can be conformed to free system. 

The continual decline in groundwater level in Taihang Piedmont led to the depth of 
zone of aeration becoming greater (Baram et al., 2016). This is the typical nonlinear 
system under the interaction of precipitation, evaporation and human activity. 

Every layer in the zone of aeration can be marked as Z1, Z2, …, Zn, f1, f2,…,fn are 
the nonlinear function of soil water potential or water content. The parameters of soil 
hydraulic properties can be expressed by C1, C2, …, Cm. The external forcing G(t) 
contains precipitation, evaporation, temperature and mankind’s activity. The infiltration 
process of heavy precipitation takes place on the zone of aeration and be controlled by 
this nonlinear dynamic system, such as spatial variability (Dahan et al., 2017) inner the 
system. Meanwhile, the infiltration of heavy precipitation has an adverse effect on this 
nonlinear system, such as a new external forcing was added to the system over a period 
of time and cause the infiltration process analysis and simulation of nonlinear dynamic 
system more complicated (Gupta et al., 2018). Most of the traditional seepage 
researches in the zone of aeration separate the soil from the infiltration-evaporation 
process and less likely to carry the above two into a system (Turkeltaub et al., 2016) to 
explore the inner migration process and mechanism of black box. 

In order to subtly study the soil hydraulic characteristics in the zone of aeration under 
various factors, this paper introduced the nonlinear dynamic systemic mathematic 
principle and take the heavy precipitation infiltrated into the zone of aeration and the 
soil as an entity (Min et al., 2017). And this paper analyzes the infiltration-evaporation 
process, moisture storage variation process, etc and tried to apply the nonlinear dynamic 
system to interpret the mechanism of the process. 

Materials and methods 
The study area 

From 2012-2013, the study carried out in key field experimental base of the Ministry 
of Land and Resources in Zhengding, China. The study area has a temperate and semi-
humid continental monsoon climate with clearly cut seasons. The annual average 
temperature is 12.9 °C, the average temperature in July is 26.5 °C and is the highest in a 
year and in January is the lowest with the temperature is -2.9 °C. The precipitation is 
focus on June-September and the annual average precipitation is 569.8 mm. The annual 
average evaporation is 1092.3 mm. The study time period was from April 15th to June 
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5th. Figure 1 showed that the heavy precipitation with 70 mm at April 18th, 16 mm at 
April 21th and 26 mm at April 24th and long-time evaporation process from April 24th to 
May 16th. 

 

 
Figure 1. Rainfall and evaporation (2012) 

 
 
Zhengding is located in the Piedmont Clinoplain in the midst of Taihang Mountain 

with the depth of shallow groundwater depth 36.1-49.1 m. The soil is composed mainly 
of silt clay and sandy clay, and specific gravity of soil is 2.2-2.74 g/cm3 (Min et al., 
2018). 

 
Monitoring system layout 

The study uncovered a typical multi-phase monitoring profile with 33 m depth, 2.5 m 
inner radius and 3.5 m outer diameter. The Time-Domain Reflectometry system 
developed by CAMPBELL Company in USA was applied to monitor the soil moisture. 
The detectors were installed on the inside of the typical profile. 36 CS630 were installed 
to measure the soil volumetric water content, 36 WATERMARK200-253/257 to 
measure the soil matric potential and 36 MODEL109 to measure the soil temperature. 
The buried depth of three kinds of detectors was the same. From the depth of 0.1 m, a 
detector was installed every 20 cm within 2 m and every 30~70 cm below 2 m. All the 
detectors were calibrated by the neutron probe and soil sampling. 

The monitoring period was from August in 2011 and the monitoring interval was 
0.5 h. The TDR systemic time was set up according to the Beijing time. At the same 
time the meteorological observation was carried out and its observation interval was 
0.5 h. It includes 19 general meteorological data, such as precipitation, evaporation, the 
solar radiation, etc. 

Results and discussion 

The effect of lithology on infiltration 
The control parameter vector C = (C1, C2,…, Cm) was internal effect factor of the 

nonlinear dynamic system. For the nonlinear dynamic system in the zone of aeration the 
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control parameters are determined by the lithology of every layer. Suppose that C1 was 
soil particle size, C2 was soil specific retention and C3 was hydraulic conductivity of 
soil, and among them C1 and C2 was a constant at a particular depth and C3 was a 
variable changing with the soil moisture content. The above three parameters had an 
effect on the nonlinear function and there had correlation among them. And the above 
three parameters were determined by the soil lithology characteristics. 

The TDR system was applied to measure and analyze the soil matric potential during 
the three precipitation-infiltration process and evaporation process. Because the 
evaporation intensity was great during the April to June so the measurement value was 
the value at 20:00 of the day for the evaporation process was essentially completed. 
Figure 2 shows that 12 detectors measure the soil matric potential daily at different 
depth of the profile. 

According to the measured value at different times, the initial matric potential was 
significantly lower than the adjacent layers. The initial matric potential was measured 
under the longstanding stable weak-evaporation condition, and so the main influencing 
factor of the difference of the soil matric potential at different layer was the lithology. 
Besides, at April 22th, three days behind the precipitation, the matric potential drop 
rapidly by 20 cm and the falling speed was greater than other layers. This phenomenon 
illustrated that water retention capability of soil at 30 cm depth was poor and the soil 
permeability was high so this layer was the best water passage in relation to the other 
layers. At the 180 m depth there has the similar simulation. 

 

 
Figure 2. Soil matrix potential variations of different depth 

 
 

The effect of lithology on soil water storage 
The lithology has a significant effect on the soil water storage. The precipitation and 

evaporation changes the soil water storage and this process is a dynamic changing 
process. For the water storage compute of zone of aeration under one-dimensional 
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condition, the soil volumetric water content at different depth can be measured, then 
accumulated the difference value of the soil water content at different time period and 
finally get the dynamic soil water storage. The CS630 detectors were applied to monitor 
the soil water content at different depth before heavy precipitation, 4 h and 720 h after 
precipitation. Table 1 showed the soil moisture content dynamics at different time 
period by calculating changes in moisture content at each layer and then cumulated to 
get the total storage variation. 

 
Table 1. Soil moisture content dynamics and storage variations at different depth 

Moisture 
Depth/cm θ1(0h) θ2(4h) (θ2-θ1) ΔW1/mm θ3(720h) (θ2-θ3) ΔW2/mm (θ3-θ1) ΔW3/mm 

10 0.177 0.369 0.192 19.2 0.16 0.209 20.9 -0.017 -1.7 
30 0.106 0.26 0.154 30.8 0.164 0.096 19.2 0.058 11.6 
50 0.103 0.23 0.127 25.4 0.18 0.05 10 0.077 15.4 
70 0.105 0.117 0.012 2.4 0.15 -0.033 -6.6 0.045 9 
90 0.123 0.124 0.001 0.2 0.14 -0.016 -3.2 0.017 3.4 
110 0.105 0.104 -0.001 -0.2 0.13 -0.026 -5.2 0.025 5 
130 0.124 0.124 0 0 0.14 -0.016 -3.2 0.016 3.2 
150 0.133 0.134 0.001 0.2 0.16 -0.026 -5.2 0.027 5.4 
180 0.12 0.12 0 0 0.15 -0.03 -9 0.03 9 
220 0.146 0.145 -0.001 -0.4 0.16 -0.015 -6 0.014 5.6 
260 0.25 0.25 0 0 0.265 -0.015 -6 0.015 6 
300 0.045 0.045 0 0 0.045 0 0 0 0 
Sum    77.6   5.7  71.9 

The precipitation was 70 mm and lasted 4 h. θ1, θ2, θ3represented the soil volumetric water content 0 h, 
4 h and 720 h after precipitation respectively, ΔW1 represented the storage variation 4 h after 
precipitation at different depth, ΔW2 represented the storage variation between 4 and 720 h after 
precipitation at different depth, ΔW3 represented the storage variation between 0 and 720 h after 
precipitation at different depth 

 
 
In Table 1, the storage variation was up to 30.8 mm between 0 and 4 h after 

precipitation at 30 cm depth and was the maximum at the depth of 0-300 cm. that is 
because there were coarse soil particles and great porosity. The soil water storage can be 
increased rapidly during heavy precipitation and dropped quickly from 26% to 18% 
after 24 h. The high infiltration capacity of this layer was proved again. The storage 
variation simulation at 180 cm depth was similar to the above situation. 

The above phenomenon was determined by the difference of the soil lithologic 
characters. For the high-content of sands at depth of 30 cm and 180 cm so the soil was 
named as silty sand according to the international standard. If the natural soil was not 
disturbed, it is difficult to monitor the mid-deep part of the vadose zone directly and 
accurately, so the hydrological cycle problem was settled from the point of lithology 
may be a new idea. 

 
The effect of two and evaporation on infiltration and soil water storage 

The nonlinear dynamic system was affected by the external forcing G (t) and was 
transformed to non-autonomous system. Its character was varying with the time 
significantly. Two precipitations, relative to the first heavy precipitation, and 
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evaporation were consistent with this character. The shallow vadose zone approached 
saturation after heavy precipitation, the soil water content of deep- layers was increased 
and the permeability of unsaturated soil enhanced. So the two precipitations were easily 
to form the infiltration and increased the soil water storage. For the deep vadose zone 
two precipitations were hardly leaked to the groundwater level during the short time 
period. The process of evaporation varying with time was more significantly, especially 
at different layers. G (t) in the shallow non-autonomous system was nonlinear and 
below a certain depth was linear. In this paper the certain depth was 220 cm. When 
evaporation tends to be constant, G (t) was a constant and the system reached a new 
balance, the non-autonomous system was transformed to free system. The water storage 
of vadose zone reverted to the state before heavy precipitation and the storage was again 
determined by the lithology characteristics. 

Conclusions 
According to the analysis of the process of infiltration-evaporation, wetting front 

progradation, storage variation and dynamic variation of total water potential, the 
infiltration process occurring in the nonlinear dynamic system was typical nonlinear 
process. The formation mechanism of nonlinear infiltration process includes the inner 
control parameter vector C and the outer external forcing G(t). When the system 
suffering the heavy precipitation and evaporation becomes a non-autonomous system 
and the infiltration process will be determined by G(t) varying with time. When the 
system tends to be constant, the system becomes a free system and the infiltration 
process will be determined by the inner parameter vector C, such as the lithology of 
each layer in vadose zone. And further study is required to establish the specific range 
of soil particle sizes which can determine the lithology characteristics. 
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