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Abstract

The purpose of the paper is to extract and make the best use of rainfall information contained in the Chinese historical archives of
Qing Dynasty, and reconstruct the precipitation series during 1736–1911. The study followed the Yu-Fen-Cun (rainfall infiltration depth)
observation method in Qing Dynasty, to conduct soil infiltration experiment under the natural rainfall conditions during 2004–2006. The
related parameters, such as precipitation, intensity, initial soil moisture content and infiltration depth have been measured at 10 stations
(east of 105�E, 30�–40�N) with representative climatic conditions and soil physical texture in the middle and lower reaches of the Yellow
River and Yangtze-Huaihe River Valley. The statistical results indicate that precipitation is the primary influencing factor to infiltration
depth and is positively correlated with the infiltration depth. Additionally, the effects of every factor on infiltration depth are significantly
different between the middle and lower reaches of the Yellow River and Yangtze-Huaihe River Valley. Finally, the relationship equations
of precipitation and infiltration depth are established for each site, most of which can pass over 60% of the variance explanations and
provide quantitative models to reconstruct the precipitation series using Yu-Fen-Cun records in Qing Dynasty.
� 2008 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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1. Introduction

The infiltration of precipitation is one of the important
processes of ground surface water cycle. It is the primary,
and sometimes the only source, of soil water supply in
the natural conditions [1]. Before the start of modern
agro-meteorological measurements, the precipitation infil-
tration depth after each rainfall event was an essential
approach to know the precipitation required for crops
moisture, and to predict agricultural yield. Realizing its

importance, Emperor Kangxi (1662–1722) in Qing Dynasty
demanded the officials of all levels to report the infiltration
depth of each snow or rainfall in their reports to the
emperor from 1693. In the Qianlong reign (1736), this
reporting system became systematic, which continued in
the Xuantong reign (1911). In fact, this archive provided
another source of precipitation measurement data to be
compared with modern observational data, which not only
objectively reflected the precipitation condition, but also
covered wide spatial areas (most farming areas in the east-
ern China including 273 stations) and longtime periods
(1736–1911). Historical climate researchers in the Institute
of Geographical Sciences and Natural Resources Research,
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Chinese Academy of Sciences, hence, have spent more than
10 years in extracting a total of 104,966 records to recon-
struct the precipitation series [2].

The infiltration depth is the depth of the moisture pene-
tration after the rainfall, measured in the units of Cun and
Fen used in the Qing Dynasty. It is determined by the wet–
dry boundary identified by digging into the soil in desig-
nated flat farmland, which was named as Yu (rainfall)–
Fen (Chinese length unit, approximately 0.32 cm)–Cun
(10 Fens). While, in terms of soil physics, wet front [3]
formed in the water infiltration process actually indicates
this boundary distance. Thus wet front is consistent with
‘‘Yu-Fen-Cun” and the relationship between the precipita-
tion and infiltration depth can be regarded as the soil phys-
ical problems. However, various current models have been
employed to quantitatively simulate the infiltration process
of precipitation [4–6]. Although they possess specific phys-
ical meanings and have been validated by field infiltration
experiments, they are difficult to estimate the precipitation
from infiltration depth directly, because some parameters
in the models were not available from the historical data.
In addition, most studies have been focused on developing
infiltration experiments at a single site, but spatial difference
of infiltration depth has never been analyzed. Therefore,
following the measurement of ‘‘Yu-Fen-Cun” in Qing
Dynasty, we initially attempted modeling experiments by
artificial rainfall in Luancheng Agricultural Ecosystem
Experimental Station in 2002, whose results have been used
to reconstruct the seasonal precipitation series from 1736 to
1911 in Shijiazhuang [7]. In order to implement similar
work and reconstruct the precipitation in other parts of
eastern China (see Fig. 1 for the sites distribution map),
since August 2004, infiltration experiments under the natu-
ral rainfall condition were conducted at 10 observation sta-
tions in the middle and lower reaches of the Yellow River
and Yangtze-Huaihe River Valley. These results will

provide basic data for studying regional precipitation, mon-
soon rainband characteristics and its dynamic mechanisms
during the past 300 years, and provide long-term compara-
ble data to improve climate models.

2. Study region and experimental design

2.1. Study region

The middle and lower reaches of the Yellow River and
Yangtze-Huaihe River Valley (east of 105�E, 30�–40�N)
locate in typical monsoon climatic regions, influenced by
eastern Asian summer monsoon. Additionally, types of cli-
mates in this area, from north to south, include semiarid,
sub-humid and humid. The primary soil texture is loam,
which can be divided into sandy silt, silt, sandy loam and
loam. Considering different climate-soil combinations and
spatial representiveness of precipitation, we selected nine
national agro-meteorological observation stations and
Yucheng Comprehensive Experiment Station, Chinese
Academy of Sciences, to conduct the infiltration experi-
ments (Fig. 1). The related climatic types and soil physical
properties are listed in Table 1.

2.2. Experimental design

Infiltration experiments following the measurement
method of Yu-Fen-Cun developed in Qing Dynasty were
conducted on rainfed farming lands with a flat surface
and even soil texture (mostly in the agro-meteorological
observation field). The experimental plots were defined as
three 2 m � 5 m sample sites with >2 m spacing between
each other. Main measured items include precipitation
(Pr), precipitation intensity (I), initial soil moisture content
(hi) and the infiltration depth (Zf). The first two were
observed by automatic rain gauges; the third referred to
soil moisture content in eight layers (0–5, 5–10, 10–15,
15–20, 20–30, 30–40, 40–50 and 50–60 cm) measured with
dry-weight method in 12 h before each rainfall, which
could be judged by the weather forecasting. The last indi-
cated vertical distance from the dry-wet boundary to the
surface (without seeper). Moreover, other soil physical
characteristics, such as soil bulk density, field moisture
capacity and wilting coefficient, were surveyed. For each
site, three identical experiments were repeated to assure
the consistency of results. It is worthwhile to note that
the experiments would not be conducted, when infiltration
depth was over 60 cm or soil freezing period during the
winter.

During the period from August 2004 to August 2006, a
total of 302 experimental samples were available. For each
individual site, the highest number of samples (50 samples)
was obtained at Suzhou, while the smallest number of sam-
ples (18 samples) was obtained at Xiangfan. Table 2 lists
the complete measurement data at Bazhou station. It
should be noted here that not all the parameters were
observed due to the instrumental problem or unrecognizable

Fig. 1. Distribution map of experimental stations (black dots) and
‘‘Yu-Fen-Cun” (circles) as well as soil texture in the study region [8].
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infiltration depth. The sample size listed in Table 3 is the
total number of measurements including precipitation,
infiltration depth, precipitation intensity and initial soil
moisture content; while the total sample size is provided
in the bracket.

3. Results and analyses

3.1. Relationship between infiltration depth and precipitation,

precipitation intensity, initial soil moisture content

The equations between infiltration depth (Zf) and pre-
cipitation (Pr), intensity (I), initial soil moisture content
(hi) as well as partial correlation coefficients are shown in
Table 3. Although Zf at all stations could be simulated
by these three factors and the results were significant at
D = 0.001 level, the variance explained at Xianyang,
Xiangfan and Jintan was lower than others. Generally,
the three factors can be ranked with Pr, hi and I, sorted
by their influence to Zf. However, there was a difference
in the influencing degree of single factor at 10 stations,
when the rest two variables were controlled. For example,
influence of Pr on Zf was dominant at most stations and
there was a positive correlation between Pr and Zf at
Xiangfan station. Influence of hi was more remarkable than
Pr on Zf; and for the precipitation intensity, significantly
negative correlation between I and Zf was only observed
at Bazhou, Luancheng and Taiyuan.

It is worthwhile to discuss the existing regional differ-
ence between three factors and infiltration depth at 10
stations. The statistical method of factor analysis was
used here to classify the 10 stations into two regions with
significant differences based on the changes of observed

monthly precipitation and rainy days during 1951–2000.
One locates in the middle and lower reaches of the
Yellow River, including Bazhou, Luancheng, Taiyuan,
Yanan, Yucheng, Zhengzhou and Suzhou; the other
locates in Yangtze-Huaihe River Valley, including Xian-
yang, Xiangfan and Jintan. Here, we take Bazhou and
Xiangfan as examples, into account for the reasons of
Zf difference caused by Pr, I and hi. Monthly average
precipitation and rainy days during 1951–2000 together
with hi in soil layers of 0–20 cm and 20–60 cm during
2004–2006 (except in winter) are illustrated in Fig. 2. It
can be seen that firstly, distributions proportions of the
averaged monthly precipitation and rainy days have sig-
nificant differences: for Bazhou, 383 mm precipitation
was concentrated in June, July and August, about 74%
of annual total precipitation (518 mm) and 47 rainy days
and about 44% of the annual total (106 days); but for
Xiangfan, most precipitation occurred from March to
October, and thus averaged monthly precipitation was
more evenly distributed except in winter. Secondly, hi

has a remarkable difference: this parameter at Bazhou
is lower than that at Xiangfan due to relatively less pre-
cipitation and fewer rainy days, e.g., as Fig. 2 illustrates,
hi of Bazhou in soil layer of 0–20 cm is lower than that
of Xiangfan, and thereby larger soil water potential is
formed, which is good for moisture infiltration [9]. After
June at Xiangfan, hi was so high closing to field moisture
capacity for frequent precipitation that weak soil water
potential formed restrained infiltration depth, and soil
was not sensitive to I anymore. Furthermore, temporary
saturated zone existed in the upper layer of soil due to
the high hi and continued rainfall events, which caused
the surface runoff, and no infiltration occurred.

Table 1
Climatic type and soil physical property at each station

Station Climate type Representative region

Bazhou Sub-humid Jingjin area and north of Hebei
Luancheng Sub-humid Middle-south of Hebei
Taiyuan Semiarid Jinzhong Basin
Yanan Semiarid Loess Plateau
Yucheng Sub-humid Middle-north of Shandong
Zhengzhou Sub-humid Middle-north of Henan, southwest of Shandong
Suzhou Sub-humid North of Anhui, north of Jiangsu and south of Shandong
Xianyang Sub-humid Weihe Plain
Xiangfan Humid Jianghan Plain
Jintan Humid Lower reaches of Yangtze River

Soil texture Soil bulk densitya (g/cm3) Field moisture capacity (%)

Bazhou Silt 1.19 21.9
Luancheng Sandy loam 1.45 22.1
Taiyuan Sandy silt 1.25 24.6
Yanan Silt 1.31 23.0
Yucheng Silt 1.40 26.3
Zhengzhou Sandy loam 1.37 19.7
Suzhou Silt 1.25 25.6
Xianyang Sandy silt 1.45 24.0
Xiangfan Sandy loam 1.37 24.3
Jintan Silt 1.35 39.3

a Measurement at 0–20 cm soil layer.
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3.2. Relationship between infiltration depth and precipitation

Both I and hi are unavailable from the historical data, so
it is necessary for fitting the relationship equations between
Pr and Zf to reconstruct the historical precipitation series.

The results from Section 2.1 have demonstrated that Pr is
the primary influencing factor, and the initial soil moisture
content is the secondary, controlling for soil physical char-
acteristics and ground vegetation. The relationship between
Zf and Pr, hi at Bazhou can be illustrated in Fig. 3(a), and it

Table 2
Measurement from field infiltration experiments at Bazhou station during August 2004 to August 2006

No. Year Date Pr (mm) I (mm/min) hi (%) Zf (cm)

1 2004 8.11–8.13 16.7 0.012 18.56 26.0
2 8.25 6.8 0.018 19.55 6.0
3 8.27–8.28 7.8 0.043 20.47 6.0
4 9.3 23.5 0.053 19.90 27.5
5 9.6 15.8 0.104 20.27 18.0
6 9.14–9.15 36.4 0.031 20.62 60.0
7 9.17 5.0 0.012 23.15 9.0
8 11.21 7.8 0.052 20.87 9.0
9 2005 4.8–4.9 10.0 0.019 15.73 15.0

10 5.5 10.5 0.019 17.44 15.0
11 5.16–5.17 21.7 0.015 19.18 27.0
12 6.5–6.6 13.2 0.052 16.61 21.5
13 6.13–6.14 11.3 0.040 15.01 13.9
14 6.19–6.20 5.9 0.017 16.53 12.0
15 6.26–6.27 6.2 0.007 12.57 8.7
16 6.28–6.29 40.6 0.107 20.01 34.7
17 7.10 10.9 0.170 13.17 12.0
18 7.12 33.9 0.091 19.95 55.0
19 7.15 9.8 0.037 21.17 17.5
20 7.16–7.17 25.1 0.186 24.59 27.0
21 7.22–7.24 44.7 0.023 19.18 60.0
22 8.1 19.5 0.212 15.63 15.0
23 8.16–8.17 60.4 0.046 18.79 60.0
24 9.15–9.16 13.3 0.014 14.73 18.0
25 9.29 7.6 0.008 16.06 15.0
26 2006 5.25 14.4 0.036 16.73 18.0
27 5.26–5.27 17.2 0.014 20.73 30.0
28 6.29–6.30 10 0.029 13.56 12.5
29 7.10 20.1 0.07 11.72 11.0
30 7.12–7.13 18.6 0.091 19.65 30.0
31 7.14 5.5 0.028 21.22 11.0
32 7.18 6.1 0.009 18.90 8.0
33 7.23 18.2 0.093 16.49 23.5
34 7.24–7.25 29.4 0.043 21.04 35.0
35 7.31 14.1 0.025 19.11 25.0
36 8.1–8.2 5.1 0.033 22.37 7.0
37 8.3–8.4 15.6 0.037 22.12 23.0
38 8.9 6.1 0.023 16.87 8.0

Table 3
Relationship between Zf (cm) and Pr (mm), I (mm/min), hi (%)

Station Relational equation Sample R2a RZf �p
b RZf �hi

b RZf �I
b Pr range hi range I range

Bazhou Zf = �4.34 + 1.13Pr �43.3I + 0.50hi 38(38) 0.86*** 0.92*** 0.26 �0.35* 5.0–60.4 11.7–24.6 0.007–0.212
Luancheng Zf = �5.84 + 0.67Pr �106I + 1.05hi 16(23) 0.87*** 0.91*** 0.63** �0.53* 2.4–114.9 3.8–19.0 0.008–0.269
Taiyuan Zf = 1.78 + 0.38Pr �14.3I + 0.24hi 35(35) 0.90*** 0.92*** 0.39* �0.47** 5.7–60.2 2.1–19.7 0.008–0.351
Yanan Zf = �6.43 + 0.57Pr + 12.3I + 1.03hi 25(30) 0.73*** 0.82*** 0.47* 0.09 5.0–72.9 6.8–20.2 0.005–0.168
Yucheng Zf = �4.23 + 0.54Pr + 24.9I + 0.72hi 27(32) 0.77*** 0.76*** 0.43* 0.12 1.6–86.1 6.0–24.6 0.007–0.170
Zhengzhou Zf = �5.39 + 0.80Pr �33.7I + 0.59hi 20(25) 0.87*** 0.93*** 0.42 �0.25 5.5–60.6 4.5–23.8 0.001–0.168
Suzhou Zf = 5.40 + 0.78Pr �16.9I �0.17hi 40(50) 0.80*** 0.89*** �0.13 �0.17 4.0–55.9 9.7–35.2 0.003–0.206
Xianyang Zf = 3.92 + 0.30Pr + 12.5I + 0.39hi 25(30) 0.59*** 0.71*** 0.50* 0.09 5.0–67.9 5.4–21.7 0.003–0.123
Xiangfan Zf = �1.67 + 0.21Pr �4.9I + 0.93hi 18(18) 0.52*** 0.63** 0.67** �0.04 6.4–70.0 8.7–32.6 0.004–0.152
Jintan Zf = 2.34 + 0.42Pr �9.9I + 0.14hi 19(21) 0.53*** 0.62** 0.09 �0.19 6.8–68.6 9.8–24.4 0.003–0.650

a indicating variance explanation, ***,**,* are significant levels at 0.001, 0.01 and 0.05, respectively.
b RZf �p, RZf �h and RZf �i are partial correlation coefficients between Zf and Pr, hi, I, respectively.
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shows that Zf increases with the increasing of Pr, which fit
with two models: when hi is lower (hi 6 20%), the relation-
ship fits with parabola function (1); when hi is higher
(hi > 20%), it fits with logarithm function (2). These models
(Fig. 3(b)) are expressed by the following equations:

when hi 6 20% P r ¼ 0:0014Z2
f þ 0:7166Zf

ðR2 ¼ 0:8539; N ¼ 25Þ ð1Þ

when hi > 20% P r ¼ 15:0750LnðZfÞ � 26:2590

ðR2 ¼ 0:7730; N ¼ 13Þ ð2Þ

where R2 is variance explanation and N is sample size.
Both equations passed a = 0.001 significant level. It is
worth noting that demarcation point of hi is judged by
the shape of Fig. 3(a), while the simulated equations are
dependent on the curves with the highest explanation of
variance. Similar relationship equations between precipita-
tion and infiltration depth are fitted at other nine stations
(Table 4), and their figures of Zf and Pr, hi are omitted
for limitation of paper length.

The comments should be addressed here, the precon-
dition hi was unavailable from the historical data when
we used the relationship equations in Table 4 to recon-
struct the historical precipitation, but it can be solved
based on the monthly distribution variations of precipi-
tation and moisture content as follows: in rainy months,
the equation with higher moisture content (hi > 20%)
will be used, and in the month with shortage of rain,
the equation with lower moisture content (hi 6 20%) will
be used. However, for Xiangfan and Jintan, when the
initial soil moisture content is higher, the relationship
between precipitation and infiltration depth cannot be
simulated, which is possibly related to the fact that
the soil is supersaturated and the infiltration depth Zf

is difficult to be determined for the frequent precipita-
tion event.

4. Conclusions and discussion

4.1. Conclusions

The statistical analyses indicate that precipitation is the
primary factor of infiltration depth, showing a positive cor-
relation, while initial soil moisture content and precipita-
tion intensity are secondary and tertiary, respectively. In
addition, there is a marked spatial difference for the influ-
ences of these three factors on the infiltration depth. From
the variance explanation, the fitting rates in middle–lower
reaches of Yellow River are higher than that in Yangtze-
Huaihe River Valley.

Equations of precipitation and infiltration depth estab-
lished in this paper can convert ‘‘Yu-Fen-Cun” into pre-
cipitation from a single site to the surrounding areas of
these 10 sites, and so that historical precipitation recon-
structions will be spread and cover a larger area of whole
middle and lower reaches of the Yellow River, while in
Yangtze-Huaihe River Valley, we can try to reconstruct
the precipitation in winter and spring using the Yu-
Fen-Cun data. This suggests that the Chinese high-reso-
lution precipitation data would be reconstructed, extend-
ing back to 1736, which is comparable with the
observation data.

4.2. Discussions

Infiltration experiments following the measurement of
‘‘Yu-Fen-Cun” in Qing Dynasty were only designed for
historical precipitation reconstruction. Compared with

Fig. 2. Monthly average precipitation (curve) and rainy days (histogram)
during 1951–2000 and hi in soil layers of 0–20 cm (red) and 20–60 cm
(blue) during 2004–2006 at Bazhou and Xiangfan.

Fig. 3. The relationship of Zf and Pr, hi. (a) 3-D map; (b) modeling curves
of Zf and Pr.
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most relevant soil physical experiments, the scheme looks a
little simple, but is really the first successful attempt in
combining historical documents with experiments. In the
future, improved experiments and increased experimental
factors are needed to tap the potential climate value from
‘‘Yu-Fen-Cun” records.
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2 + 1.6153Zf 0.6149*** 16

hi > 15% Pr = 0.0023Zf
2 + 0.5665Zf + 2.9509 0.7760*** 9

Xiangfan hi 6 20% Pr = 1.4747Zf 0.7907*** 10
hi > 20% Can not be modeled

Jintan hi 6 21% Pr = 0.0154Zf
2 + 1.7274Zf 0.8322*** 12

hi > 21% Can not be modeled

*** and * are significant levels at 0.001 and 0.05, respectively.
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