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[2] A comprehensive 30330 arc-second resolution gridded soil characteristics data set
of China has been developed for use in the land surface modeling. It includes physical
and chemical attributes of soils derived from 8979 soil profiles and the Soil Map of
China (1:1,000,000). We used the polygon linkage method to derive the spatial distri-
bution of soil properties. The profile attribute database and soil map are linked under
the framework of the Genetic Soil Classification of China which avoids uncertainty in
taxon referencing. Quality control information (i.e., sample size, soil classification
level, linkage level, search radius and texture) is included to provide ‘‘confidence’’
information for the derived soil parameters. The data set includes 28 attributes for 8
vertical layers at the spatial resolution of 30330 arc-seconds. Based on this data set,
the estimated storage of soil organic carbon in the upper 1 m of soil is 72.5 Pg, total N
is 6.6 Pg, total P is 4.5 Pg, total K is 169.9 Pg, alkali-hydrolysable N is 0.55 Pg, avail-
able P is 0.03 Pg, and available K is 0.61 Pg. These estimates are reasonable compared
with previous studies. The distributions of soil properties are consistent with common
knowledge of Chinese soil scientists and the spatial variations over large areas are well
represented. The data set can be incorporated into land models to better represent the
role of soils in hydrological and biogeochemical cycles in China.
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1. Introduction

[3] As land surface models (LSMs) for use in numeri-
cal weather prediction models (NWPMs) and Earth sys-
tem models (ESMs) become more sophisticated, they
need more detailed information on physical and chemi-
cal properties of soil, including information on how soil
properties change with depth in the soil and across geo-
graphic areas. The soil data sets now used in global
land modeling were derived from the FAO/UNESCO
(Food and Agriculture Organization, United Nations
Educational, Scientific and Cultural Organization)
world soil map (1:5 million) and limited soil profile data
[Batjes, 2002, 2006; Global Soil Data Task, 2000; Reyn-

olds et al., 2000; van Engelen et al., 2005; Webb et al.,
1991, 1993; Wilson and Henderson-Sellers, 1985; Zobler,
1986]. The development of these data sets used little
data from the China national soil surveys in 1950s and
later. A soil scientist, Pedro Sanchez, said ‘‘We know
more about soils of Mars than about soils of Africa’’
(http://www.globalsoilmap.net/). The information
about Chinese soils used by LSMs may be not better
than that used for Africa. Thus, any results from
ESMs/NWPMs that depend on these soil data are
questionable.

[4] The soil map data and soil attribute data of the
sampled profiles are two source databases for develop-
ing the spatial soil property data set. The soil map is
composed of mapping units, and each mapping unit is
composed of soil units. The linkage between soil unit
and soil attribute is determined according to the classifi-
cation of soils. Unfortunately, a variety of soil classifi-
cation schemes have been developed by different
organizations and sometimes with different purposes.
Chinese scholars have developed two schemes, the
Genetic Soil Classification of China (GSCC) and the
Chinese Soil Taxonomy (CST) classification. However,
most soil profile information in China has been refer-
enced to the GSCC, which was used in the Second
National Soil Survey of China. Although considerable
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effort has been devoted to developing procedures for
referencing between these schemes and other interna-
tionally more widely used ones [Shi et al., 2004, 2006a,
2006b, 2010], such ‘‘taxonomy referencing’’ is not
needed here because our objective is not to develop
maps for soil classification but for the physical and
chemical properties of soil needed by a land model.
Thus use of the GSCC rather than some other classifi-
cation scheme introduces the least error in mapping
these properties.

[5] Soil profiles have commonly been used to assign
measured properties to each classification element (soil
map unit), i.e., using ‘‘taxotransfer rules’’ that ignore
the spatial variability within map units [Batjes et al.,
1997; Batjes, 2002]. However, with enough profile infor-
mation, it should be possible to include spatial pattern
variability among soil polygons of the same map unit.
Shangguan et al. [2012] have developed such a ‘‘polygon
linkage’’ method, which is also used here.

[6] The Harmonized World Soil Database (HWSD)
is a newly released global soil data set [FAO/IIASA/
ISRIC/ISS-CAS/JRC, 2009, 2012] available for land
modeling use. It was established by combining existing
regional and national updates of soil information, in
particular, the Soil Map of China at 1:1 million
[National Soil Survey Office, 1995; Shi et al., 2004]. The
Soil Map of China was polygon-mapped using the
GSCC, most detailed at the soil family level. This paper
uses the HWSD for reference in evaluating our efforts.

[7] The HWSD only incorporates the Soil Map of
China, but not the abundant soil profile information. In
the HWSD, version 2.0 of WISE (World Inventory of
Soil Emission Potentials) database (comprising 9607
profiles in the world and about 60 profiles in the China
domain), has been used to derive topsoil and subsoil
parameters using uniform taxonomy-based pedotrans-
fer (taxotransfer) rules. WISE provides very limited soil
attributes, and lacks attributes such as consistence,
structure, total P, total K, and exchangeable cations.

[8] This paper describes the development of the
China soil characteristics data set for use in land models
in NWPMs/ESMs. This effort is unique in that, for the
first time, the China NWPMs/ESMs community will
have access to a data set of physical and chemical prop-
erties of soil specifically designed for modeling applica-
tions. This work should provide an infrastructure for
further development of soil data for land modeling use,
including easy and reliable future incorporation into it
of more soil profile data and higher resolution soil map
of China.

2. Materials and Methodology

2.1. China Soil Profiles and Soil Map

[9] The soils in 2444 counties, 312 national farms,
and 44 forest farms within China were surveyed during
the Second National Soil Survey (1979–1985). Using
this survey, a soil map at a scale of 1:1 million for China
was published. It is the most detailed soil map at the
national level. Soil profile data are in six monographs
in hard copy [National Soil Survey Office, 1996] at the

national level, dozens at provincial level and thousands
at prefectural and county level. With these data, it has
become possible to build a comprehensive grid-based
China soil data set for land surface modeling.

[10] The soil map of China was digitized by the Insti-
tute of Soil Science of the Chinese Academy of Sciences.
Soil map units are delineated using the GSCC classifica-
tion. GSCC exists in a four-level hierarchical structure
from low level to high level (family, subgroup, great
group and order). There are 12 orders, 61 great groups,
235 subgroups, and 909 families in the database [Shi et
al., 2004]. However, there are only 925 soil map units,
which are at family, subgroup and great group levels,
and 11 nonsoil map units (i.e., glacier, river, lake and
man-made reservoir, rock debris/detritus, coral reef and
islet, salt desert and crust, coastal salt marsh, in-river
sand bar and islet, urban and built-up lands, coastal
aquatic farm, and coastal ocean) in the soil map. Each
map unit has only one component in the soil map.
There are 94,303 polygons in the soil map with 85,257
soil polygons.

[11] A tedious and labor intensive effort was needed
to produce the soil profile database, which has taken
almost 8 years and over 50 people to collect, digitize,
standardize and geo-reference the soil profiles. All the
soil books at the national and provincial levels were col-
lected, and the soil books at prefectural and county lev-
els of Tibet were collected (S-I in Supporting
Information). These soil books, most covered by dust,
were obtained from various libraries and old book-
stores. Dozens of people spent countless hours to search
and digitize their related data using a uniform proce-
dure. The digitized data were thoroughly checked and
quality controlled to reduce mistakes and redundancy.
Repeated soil profiles in books from different adminis-
trative levels were combined to yield 8979 distinct soil
profiles with 33,010 horizons. There are about 3.7 hori-
zons per profile on average. The coordinates of the soil
profiles were retrieved manually from a description of
the site location point by point using the 1:250,000
topographic maps of China and administrative maps
(Figure 1). Table 1 shows the site information of soil
profiles and the soil characteristics for each horizon of
a profile, including physical properties, chemical prop-
erties, and fertility.

2.2. Data Processing

[12] The soil database of China could not be directly
used for regional land surface modeling without first
dealing with some issues including:

[13] (1) Soil particle size distribution is given under the
International Society of Soil Science (ISSS) and the Kat-
schinski’s schemes [Katschinski, 1956]. However, most
LSMs require soil texture data in the FAO-USDA (United
States Department of Agriculture) System.

[14] (2) Soil profiles differ from each other in terms of num-
ber, sequence, thickness and depth to the top and bottom
soil layers. In addition, not all the layers have data for all soil
characteristics. There are more data available for layers near
the surface than for deeper layers.
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[15] (3) About three fourths of the soil profiles have a
depth less than 1 m, and 90% of them have a depth less
than 1.5 m. These depths of soil profiles are the depths to
which the soils were examined, but in most cases, they are
not the depth-to-bedrock.

[16] (4) The soil map provides a horizontal pattern of soil
type information but soil profiles provide a vertical varia-
tion of soil characteristics at point locations. There is no
spatially continuous information of soil properties.

[17] (5) Many LSMs require uniform grid cells or raster
format, while map units of the 1:1 million soil map of
China are defined as polygons in a vector format.

[18] The aim of this work is to derive a coverage map
for soil characteristics based on the legacy soil data of
China that can be conveniently used by regional model-
ers. In this section, we describe methods for preparing
the soil data to ensure it will be suitable for land model-
ing purposes.

[19] The original ISSS and Katschinski particle-size
distribution data could not be used by most LSMs so
they were converted to the FAO-USDA System using
several particle-size distribution models [Shangguan and
Dai, 2009].

[20] The soil profile data set lacked soil characteristics
information for some layers. To achieve vertical com-
pleteness of soil properties, we filled these data gaps in
soil profiles. The gap filling was based on the assump-
tion that neighboring layers have similar soil properties
that change gradually with depth. Abrupt change of
soil properties may happen in nature, but our assump-
tion is more realistic than assigning values arbitrarily.

[21] For quantitative soil properties that do not change
monotonically with depth, including particle-size distribu-

tion, rock fragment, pH value, bulk density, porosity,
total K, exchangeable Al31, Ca21, Mg21, Na1, and CEC,
we filled the gaps with values from their neighboring
layers. Figure 2 shows three data gap filling treatments
for the soil profiles. If the first layer lacked data but the
second layer had data, values of the soil properties of the
second layer were assigned to the first layer. If some mid-
dle layers lacked data but had two neighboring layers
with data, the average of these neighbors was assigned to
the layer that lacked data. If only one neighboring layer
had data, values from the neighbor were assigned to the
layer lacking data. The above process was done first from
the top to the bottom layer and then from the bottom to
the top layer to provide every layer with data.

[22] For quantitative soil properties that change
monotonically with depth, including soil organic mat-
ter, total N, total P, alkali-hydrolysable N, available P,
available K exchangeable H1 and K1, we filled in data-
lacking layers using a linear depth weighting method.
We assumed that the soil property of a layer was repre-
sented by the value of the center of the layer. The soil
properties of a natural soil layer (A) were derived
through the following relationship:

Ai2Ai21

Ai112Ai

5
di21

di

; (1)

where i is the ith layer, and d is the distance between the
centers of soil layers, which was calculated by the fol-
lowing equation:

di5
bi112bi21

2
; (2)

where b is the depth to the bottom of a layer. The soil
properties of a data-lacking layer were calculated by

Figure 1. Geographic distribution of soil profiles. The number of soil profiles from different provinces varies
from about 160 to 400, except Tibet has 2583 profiles. Soil profiles are denser in the east and south of Tibet, and in
east China, and are rarer in the northwest.
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transformation of equation (1). For brevity, we do not
list the transformation for all the situations that were
encountered. Two layers above and two layers below a
layer were used at the most. If negative values appeared,
they were set to zero.

[23] The soil characteristics of soil profiles are divided
into eight standard layers (i.e., 0–0.045, 0.045–0.091,

0.091–0.166, 0.166–0.289, 0.289–0.493, 0.493–0.829,
0.829–1.383, and 1.383–2.296 m) for convenience of use
in the Common Land Model (CoLM) [Dai et al., 2003]
and the Community Land Model (CLM) [Oleson et al.,
2004]. Because the first two layers of CoLM/CLM are
too thin, they were combined. Since the last layer of
CoLM/CLM has no data for almost all soil profiles, it

Table 1. List of Information of Soil Profile Data

Site Information

1. Sampled profile ID.
2. Source of data (national, provincial, prefectural or county level books).
3. Soil group (classification of Genetic Soil Classification of China (GSCC)).
4. Soil subgroup (GSCC).
5. Soil family (GSCC).
6. Soil species (GSCC).
7. Sampling date (year/month/day).
8. Site location description (provincial, prefectural, county and landform).
9. Longitude and latitude (derived from site location description).
10. Precision of geographic coordinates (classified as three classes according to estimated errors:< 15 km, 15–60 km, and >60 km).
11. Mean annual temperature (�C)
12. Annual precipitation (mm)
13. Accumulated temperature (�10�C) (degree-days).
14. Frost-free days (days).
15. Soil parent material.
16. Water table depth (m).
17. Elevation (m).
18. Topography description.
19. Slope gradient (degree)
20. Slop orientation (degree, clockwise from North).
21. Vegetation coverage.

Number Attribute Unit Number of
recordsa

Mapsb

Measured Physical and Chemical Attributes in Horizon Layers
1 Horizon thickness cm 32,208 Figure S1
2 pH value (H2O) pH units 29,668 Figure S2
3 Soil organic matter g/100g 30,018 Figure S3
4 Total N g/100g 29,237 Figure S4
5 Total P g/100g 28,226 Figure S5
6 Total K g/100g 22,910 Figure S6
7 Alkali-hydrolysable N mg/kg 12,533 Figure S7
8 Available P mg/kg 17,920 Figure S8
9 Available K mg/kg 17,976 Figure S9
10 Cation exchange capacity (CEC) me/100 g 22,327 Figure S10
11 Exchangeable H1 me/100 g 2,060 Figure S11
12 Exchangeable Al31 me/100 g 2,021 Figure S12
13 Exchangeable Ca21 me/100 g 3,470 Figure S13
14 Exchangeable Mg21 me/100 g 3,417 Figure S14
15 Exchangeable K1 me/100 g 3,380 Figure S15
16 Exchangeable Na1 me/100 g 3,327 Figure S16
17 Soil texture 28,580
18 Particle-size distributionc g/100g 28,903 Figure S17–19
19 Rock fragment g/100g 6,374 Figure S20
20 Bulk density g/cm3 4,296 Figure S21
21 Porosity cm3/cm3 2,247 Figure S22
22 Color (water condition unclear) c hue, value, chroma 8,070
23 Dry colord hue, value, chroma 7,334 Figure S23
24 Wet colord hue, value, chroma 11,140 Figure S23
25 Dominant structuree 29,343 Figure S24
26 Second structuree 866 Figure S24
27 Consistency 26,219 Figure S25
28 Root abundance description 23,998 Figure S26

aThere are 33,010 records in total.
bMaps of soil properties interpolated in land model standard layers (Figures S1–S26 in Supporting Information).
cSoil particle size distribution was given under the International Society of Soil Science (ISSS) and the Katschinski’s schemes with different

separating limits.
dThese three color are the soil colors described with ‘‘unclear’’, dry and wet water condition.
eFor soil with multiple structure classes, we retain the first two.
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was excluded. For brevity and comparison with other
data sets, we also use a two-layer scheme (i.e., 0–0.3 m
and 0.3–1 m) to display the results.

[24] For quantitative soil properties, the data were
interpolated from natural soil horizons to the standard
layers using the equal-area quadratic smoothing spline
functions, which proved to be advantageous in predict-
ing the depth function of soil properties including soil
pH, electrical conductivity, clay content, organic car-
bon content, and gravimetric water content [Bishop et
al., 1999; Malone et al., 2009; Odgers et al., 2012]. This
method guarantees mass conservation for a soil prop-
erty of a layer under the assumption of continuous ver-
tical variation of soil properties. The smoothing
parameter of the spline was set as 0.1 [Bishop et al.,
1999]. The spline was then used to estimate the values
of soil properties in the standard layers. Negative values
were set to zero.

[25] For categorical soil properties that cannot be
converted into quantitative values (including consis-
tency and structure), the percentage of each class was
calculated; some of the categorical soil properties, i.e.,
color and root abundance, were converted into quanti-
tative values before they were interpolated into stand-
ard layers. There are very few data available for root
size, so this property was not retained in the final data
set. Soil color is represented by the Munsell notation
with three dimensions: hue, value, and chroma [Kuehni,
2002]. Value and chroma are quantitative but not hue.
The dimension of hue is a horizontal circle, which is di-
vided into five principal hues: red, yellow, green, blue,
and purple, along with five intermediate hues halfway
between adjacent principal hues. These hues were repre-
sented by numbers between 0 and 10 when they were
converted into quantitative values. However, as the dimen-

sion of hue is a circle, these numbers were converted into
vectors before the equal-area spline as follows:

H x; yð Þ5 cos
2ph

10
; sin

2ph

10

� �
; (3)

where h is hue represented as numbers, which is reversi-
ble. After the calculation of equation (3), the vector was
converted back into numbers, and the numbers were
converted back into hues.

[26] As there is no information about depth-to-bed-
rock, we only tabulated the soil profile depth for each
soil type. This depth only represents a possible mini-
mum depth-to-rock. In addition, the thicknesses of
horizons were also derived for each soil type. The Mun-
sell color can be converted into quantitative soil color
systems such as RGB first (i.e., red, green and blue)
[Viscarra Rossel et al., 2006] and then the color averag-
ing can be performed. However, we did not use this
approach for several reasons. Our approach based on
Munsell color has several advantages: (1) offering data
in Munsell color are more direct while the conversion
will introduce errors; (2) previous accepted methods for
estimating albedo from Munsell color [Post et al., 2000]
can be utilized to derive the soil albedo needed by
LSMs; (3) the main disadvantages of RGB are the high
degree of correlation and the high influence of illumina-
tion intensity on each of the dimensions. If users need
data in RGB or another color system, the conversion
can be still done after the averaging based on Munsell
color. Ultimately, which color system is best suited for
an application depends on the purpose.

[27] The soil-type linkage method and the soil poly-
gon linkage method were used to derive the spatial dis-
tribution of soil characteristics [Shangguan et al., 2012].
The soil-type linkage method was accomplished by link-
ing soil map units (soil types) and soil profiles according
to taxonomy-based pedotransfer rules [Batjes, 2003].
The soil-type linkage method gave soil property esti-
mates by soil type, textural class and depth zone. The
topsoil (0–30 cm) texture class, as required by the link-
age, was provided based on the specification of the
HWSD and soil profile data of China [FAO/IIASA/
ISRIC/ISS-CAS/JRC, 2009, 2012].

[28] The soil polygon linkage method works by link-
ing a soil polygon with several closest soil profiles that
have the same soil type and texture classes as the soil
polygon. This method can account for spatial variation
of the soil profiles corresponding to a specific soil type.
The effects of climate, topography, land use, and parent
material on soil properties are implicitly considered by
this method [Shangguan et al., 2012]. The linkage proce-
dure, as described by Shangguan et al. [2012], incremen-
tally enlarges the search radius for profiles until the
target sample size is reached. The key difference
between the polygon linkage method and the type link-
age method is that the polygon linkage method can rep-
resent the spatial variation in soil properties across
different map polygons of the same soil type, while the
type linkage assigns an identical value to all soil poly-
gons of the same soil type. The initial search radius is
set as 15 km in order to represent the spatial variation

Figure 2. Three data gap filling treatments for the soil
profiles. A is the soil property of a layer, and a is the
observed value of the soil property.
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of the same soil type as much as possible. If this radius
was set to a very large value, the ability to characterize
the spatial variability would be diminished. For soil pol-
ygons of a specific soil type, the soil property derived by
the polygon linkage method would be similar to that
derived by the type linkage method if the total number
of considered soil profiles is small. The results of the
polygon linkage method become the same as the type
linkage method in an extreme case when the search
radius covers the entire domain.

[29] Because LSMs are usually grid based, we used
rasterized soil maps with spatial grids at a resolution of
30 330 arc-seconds (about 1 km 3 1 km at equator),
which is the same as that of the HWSD.

2.3. Quality Control Information

[30] Quality control (QC) information was provided in
numerical symbols. The symbol ‘‘11’’ indicates that the
map unit is nonsoil; otherwise, numerical symbols have
six digits. Table 2 shows the codes of the digits. The link-
age level (d1) represents the soil classification level at
which the linkage is performed. The texture consideration
(d2) represents whether the soil texture is considered in
the linkage. The sample size level (d3 and d6) represents
how many soil profiles are used to represent a soil map
unit or soil polygon. We provide two kinds of sample size
levels: d6 is taken from Batjes [2002], and d3 is set accord-
ing to the linkage level (d1) because there is more varia-
tion of soil properties at higher soil type levels, which
needs more samples to be representative. The search ra-
dius flag (d4) represents whether the search radius is in
the initial radius (15 km). The map unit level (d5) repre-
sents the soil classification level of soil map unit. The digit
d5 is related to the detail level of the soil categorical map
and the other digits are related to the linkage method.

[31] QC information serves as an indicator of ‘‘confi-
dence’’ level in the derived soil parameters. The underly-
ing assumptions are as follows. The confidence in the
derived results should be higher when the linkage hap-
pened at a lower soil classification level (d1). If the link-
age level (d1) does not reach the soil map unit level (d5),
for example, a soil polygon at the soil family level of
soil map unit was linked by profiles from corresponding
soil subgroup, it has a potential to increase the confi-
dence level by collecting samples at the soil map unit
level (at the soil family level in the example). The confi-

dence level should be higher when soil texture is consid-
ered in the linkage process (d2). The confidence should
increase with the sample size of soil profiles (d3 or d6).
The spatial variation of soil type should be more reli-
able when the search radius is smaller (d4). The impor-
tance of the above factors is assumed to decrease in the
following order: the linkage level (d1), soil texture con-
sideration (d2), sample size (d3 or d6), and search radius
(d4). For each factor, the code is better when the corre-
sponding numerical number is smaller, except for d1 of
volcanic ash soils and peat soils (corresponding to
Andosols and Histosols in the World Reference Base
for soil resources (WRB), respectively [Shi et al., 2010]).

3. Results

[32] This section presents a few results of soil chemi-
cal or fertility properties, i.e., soil organic carbon
(SOC), nitrogen (N), phosphorus (P), potassium (K),
cation exchange capacity (CEC) and the pH value in
the topsoil (0–0.3 m), and comparisons with previous
estimates. The full data set (as listed in Table 1) is given
in the Supporting Information.

[33] The soil pH value is used as a nutrient solubility
parameter, and CEC is as an indication of fertility and
nutrient retention capacity in modeling. Soil C, N, and P
are the key parameters and prognostic variables in bio-
geochemical process modeling with LSMs (currently, soil
K is still not considered in LSMs). These soil nutrients
can be calculated by running the models for thousands
of years until an equilibrium state is reached (also called
as model ‘‘spin-up’’) [Kluzek, 2010; Parton et al., 1988;
Wang et al., 2009; Xu and Prentice, 2008]. However, non-
linear feedbacks in the biogeochemical cycles makes such
a ‘‘spin-up’’ more time-consuming and less reliable for
initiating soil nutrients. The data set can be an important
benchmark for initial or calibration variables.

[34] The spatial distribution of soil properties is con-
sistent with that given by Chinese soil scientists [Shen,
1998; Xiong and Li, 1987], which incorporates common
knowledge of Chinese soil scientists from field surveys
over many years.

3.1. Soil pH Value

[35] Soil pH value is one of the most important chem-
ical properties as it controls many other soil physical,

Table 2. Quality Control Information of the Derived Soil Properties

Digita Name Code

d1 Linkage level 1: family; 2: subgroup; 3: great group; 4: order; 5: (non-)acid; 6: Andosols; 7: Histosols.
Andosols and Histosols are separated for their rather specific behavior.

d2 Texture consideration 0: texture was considered in the linkage; 1: texture was not considered in the linkage.
d3 Sample size level 1 1: 3N or more; 2: N-(3N-1); 3: 0-(N-1); 4: no data. N is the target sample size and has dif-

ferent value due to the linkage level. At (non-)acid level, N 5 400; at order level, N5
200; at great group level, N 5 40; at subgroup level, N 5 10; and at family level, N 5 5.

d4 Search radius flag 0: search radius is in the initial radius (15 km); 1: search radius is larger than the initial
radius but in the soil map extent (i.e., at least one soil profile in the same soil type of a
map unit are not included in the linkage); 2: the linkage takes place in the whole map.

d5 Map unit level 1–7: The meanings of the numbers are the same as those in d1.
d6 Sample size level 2 1: 30 or more; 2: 15–29; 3: 5–14; 4: 1–4; 5: no data.

aThe quality control information is composed of six digits. From left to right are d1–d6.
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chemical, and biological properties. The pH value of a
soil depends on the CO2 concentration in the soil air
and the salt concentrations in the soil solution, and

these are constantly changing [Bolan and Kandaswamy,
2004]. Soil pH value is also significantly influenced by
the overuse of nitrogen fertilizers [Guo et al., 2010].

[36] The range of the pH values (H2O) in the topsoil
ranges from 4.2 to 9.8. Figure 3a shows that soils to the
south of 30�N are acid to strongly acid, while soils in
the north and northwest are typically basic or alkaline.
In some southern mountainous and northeastern for-
ested areas, soil appears to be acid (pH<7.2). In some
northern areas, especially, in the deserts areas, soil
appears alkaline (pH>7.2). The distribution is in accord
with the common knowledge that alkali conditions
occur in regions with low amounts of precipitation, acid
conditions occur in regions with high amounts of pre-
cipitation. The HWSD showed acid conditions in the
north of Qinghai-Tibet Plateau and desert areas (Figure
3b) that are contrary to our data and common knowl-
edge. In China, soils are acid (pH< 7.2) in the HWSD
data over 66% of the area, but only 42% of the soil
areas are acid in our data set (Table 3). Our data show
that 11% of the area has strong alkaline (pH> 8.5) soils,
but the HWSD does not. Based on the common knowl-
edge of Chinese soil scientists [Shen, 1998; Xiong and Li,
1987], our pH data are reasonable, but not that in the
HWSD.

3.2. Soil Cation Exchange Capacity

[37] Cation exchange capacity is the sum of exchange-
able cations that a soil can absorb. It is seen as a mea-
sure of fertility nutrient retention capacity and buffer
capacity, and thus affects the growth of plants. A low
CEC indicates that the soil can store a small amount of

Figure 3. Spatial distribution of soil pH value (H2O)
in topsoil (0–0.3 m) in China. (a) our study; (b)
Harmonized World Soil Database.

Table 3. Comparison of the Area Percentage and Storage of Soil pH Value, CEC, C/N/P/K from of Our Data Set With the

HWSD

Attribute DATA SET

Percentage of Soil Area in Each Class in Topsoil (0–0.3 m)a

Total Storage in
Soil (0–1 m) (Pg)bClass 1 Class 2 Class 3 Class 4 Class 5

pH Range <4.5 4.5–5.5 5.5–7.2 7.2–8.5 >8.5
HWSD 0.07 17.28 49.12 33.18 0.35
This data 0.34 12.55 28.86 47.44 10.81

CEC (me/100 g) Range <4 4–10 10–20 20–40 >40
HWSD 2.02 19.98 70.33 7.49 0.17
This data 6.13 37.37 45.13 10.75 0.62

SOC (%) Range <0.2 0.2–0.6 0.6–1.2 1.2–2 >2
HWSD 0.00 25.48 34.78 31.21 8.53 67.06
This data 6.05 24.48 26.70 23.62 19.15 72.50

TN (%) Range <0.05 0.05–0.1 0.1–0.2 0.2–0.4 >0.4
This data 16.55 30.81 35.83 14.97 1.84 6.61

TP (%) Range <0.02 0.02–0.04 0.04–0.06 0.06–0.08 >0.08
This data 0.14 17.97 29.48 33.91 18.50 4.45

TK (%) Range <1.2 1.2–1.6 1.6–2 2–2.4 >2.4
This data 3.63 9.35 52.67 28.71 5.64 169.90

AN (mg/kg) Range <20 20–50 50–80 80–120 >120
This data 6.24 20.37 20.83 27.10 25.46 0.553

AP (mg/kg) Range <2 2–4 4–6 6–8 >8
This data 3.11 48.57 31.13 11.61 5.57 0.030

AK (mg/kg) Range <50 50–100 100–150 150–200 >200
This data 3.66 34.79 39.44 16.29 5.82 0.611

aNull values were excluded in calculating the percentage of each class. The unit of range of each attribute is given in the first column. The
selection of class limits partly followed the suggestions in HWSD. However, the classes are still somewhat arbitrary. CEC: cation exchange
capacity. SOC: soil organic carbon. TN: total nitrogen. TP: total phosphorus. TK: total potassium. AN: Alkali-hydrolysable nitrogen. AP: avail-
able phosphorous. AK: available potassium.

b1 Pg51015 g.
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nutrients. In general, soils with higher amounts of clay
and/or organic matter will typically have a higher CEC
than more silty or sandy soils.

[38] The range of CEC in the topsoil (0–0.3 m) ranges
from 1.5 to 50.5 me/100 g. Figure 4a shows that a high-
CEC value in the topsoil is found in peat and forested
areas in Qinghai-Tibet Plateau, central and northeast
China, i.e., high-biomass [Piao et al., 2005] or low-
leaching areas, a low-CEC value is found in Ferrasols
in the south, Semi-Aqueous soils in the north, and the
north arid and semiarid area, and very low CEC is
found in the deserts. CEC is highly dependent upon soil
clay and SOC (Figure S19 and Figure 5a). The CEC of
our data are predominantly distributed (83%) in class 2
and 3 (4–10, 10–20 me /100 g), whereas in the HWSD,
70% of the area is in classes 3 (10–20 me/100 g) (Table
3; Figures 4a and 4b).

3.3. Soil Organic Carbon (SOC)

[39] SOC (or soil organic matter) is important for the
function of ecosystems and has a major influence on the
soil thermal and hydraulic properties, thereby affecting
the ground thermal and moisture regimes [Lawrence
and Slater, 2008]. In addition, loss of SOC leads to a
reduction in soil fertility, land degradation and even
desertification, and an increase in CO2 emissions into
the atmosphere.

[40] The range of SOC in the topsoil ranges from
0.09% to 17.05%. As is shown in Figure 5a, the highest
SOC in the topsoil appeared in the peat and forested
areas in southeastern Tibet mountains and forested

areas in northeast China, where there is less disturbed
by human activities, and lower values are in the north
and northwest, especially in the deserts. The SOC is
quite evenly distributed from class 2 to class 5 (Table 3).
The spatial pattern agrees well with that of biomass C
density in China [Piao et al., 2005]. In contrast, the
HWSD showed more area represented by class 3(0.6%–
1.2%) (Figure 5b, Table 3).

[41] The total storage of SOC in the upper 1 m of soil
is 72.5 Pg (Table 3), which is in the range of 50–185 Pg
given by previous studies [Wang et al., 2001; Wu et al.,
2003; Yu et al., 2005; Zhou et al., 2003], which are
largely different due to the different data and methods
used to upscale soil C observations [Zhao et al., 2006].
A widely accepted estimate is 90 Pg [Zheng et al., 2011].
The estimate from the HWSD (67.06 Pg) is close to our
studies.

3.4. Soil Nitrogen (N), Phosphorus (P), and Potassium
(K)

[42] Soil N, P and K are three major nutrients for
plant growth and health. The total N, P, and K (or
available N, P and K for uptake by plants) are related
to amounts of soil minerals and soil organic matter,
atmospheric wet/dry deposition, soil leaching, soil biotic
processes and other factors [Coyne and Frye, 2004;
Huang et al., 2004; Post et al., 1985; Sims and Vadas,
2004]. Human activities also have important influences.
In the short term, recycling of nutrients from soil or-
ganic matter is the major direct source of soluble
nutrients to the soils [Lambers et al., 2006].

Figure 4. Spatial distribution of cation exchange
capacity (me /100 g) in topsoil (0–0.3 m) in China. (a)
our study; (b) Harmonized World Soil Database.

Figure 5. Spatial distribution of soil organic carbon
(%) in topsoil (0–0.3 m) in China. (a) our study; (b)
Harmonized World Soil Database.
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3.4.1. Soil Nitrogen (N)
[43] The soil total N in the topsoil (0–0.3 m) ranges

from 0.01% to 1.04%, alkali-hydrolysable N ranges
from 9.8 to 648 mg/kg. As is shown in Figures 6a and
6b, distributions of total N and alkali-hydrolysable N
are similar to the distribution of SOC. The total N is
mainly distributed in classes 1, 2, and 3, while the
alkali-hydrolysable N is quite evenly distributed from
classes 2 to 5 (Table 3).

[44] The storage of total N in the upper 1 m of soil is
6.61 Pg, which is in the range of 4.5–52.5 Pg given by
previous studies [Tian et al., 2006], and is close to the
estimates of 8.29 Pg by Tian et al. [2006] and 7.4 Pg by
Yang et al. [2007]. The storage of alkali-hydrolysable N
is 0.553 Pg, which is about 8.3% of total N.

3.4.2. Soil Phosphorus
[45] The total P in the topsoil is in the range of

0.01%–0.25%, and the available P is in the range of 0.9–
16.5 mg/kg. As shown in Figure 6c, a high-total P value
appears in the Qinghai-Tibet plateau, while a low total
P appears in the south, the north and the desert areas.
The total P decreases with increases in temperature and
precipitation [Wang et al., 2008]. However, Aeolian
soils in the desert areas have a low total P. The defini-
tion of available P is not strict yet. It cannot be taken as
an absolute value, but a relative index under specific
conditions [Xiong and Li, 1987]. Figure 6d shows that
available P is higher in the northeast than the other
regions. There is no evident correlation between the
total P and available P. The total P is mainly distributed

Figure 6. Spatial distribution of (a) soil total nitrogen (%), (b) Alkali-hydrolysable nitrogen (mg/kg), (c) total
phosphorus (%), (d) available phosphorus (mg/kg), (e) total potassium (%), and (f) available potassium (mg/kg) in
topsoil (0–0.3 m) in China.
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in classes 2–5, while the available P is mainly distributed
in classes 2 and 3 (Table 3).

[46] The storage of total P in the upper 1 m of soil is
4.45 Pg, which is in the range of 3.5 to 5.3 Pg of previ-
ous studies [Wang et al., 2008; Zhang et al., 2005].
The available P is 0.03 Pg, which is about 0.7% of the
total P.
3.4.3. Soil Potassium

[47] The range of total K in the topsoil is 0.19%–
3.72%, and available K is 21.9–703.8 mg/kg. As shown
in Figures 6e and 6f, the total and available K both
decrease from the North to the South, although their
distributions are rather different. Low-total K values
appear in tropical areas, while high-total K values
appear in the Qinghai-Tibet Plateau and the northeast
of China. High available K values scatter across the
north of China. The total K is mainly in classes 3 and 4,
while available K is more scattered (Table 3). The stor-
age of total K in the upper 1 m of soil is 169.9 Pg, and
the available K is 0.611 Pg (Table 3), which is about
0.4% of the total K.

3.5. Data Quality

[48] The quality of the data varies across China in the
data set. As an example, Figure 7 shows the data QC
nformation of the soil pH value (H2O) in the topsoil (0–
0.3 m) derived by the polygon linkage. The numerical
symbols of QC (i.e., d1, d2, d3, and d4) form an index,
so that smaller number indicates higher data quality.
Poor data quality appears in the northwest. Across
China, about three fifths of soil polygons are linked at
the subgroup level. About one fifth of them are linked
at both great group level and family level. And only 2%
of them are linked at the soil order level. All soil pH val-
ues are derived taking soil texture class into account.
About four fifths of soil polygons are moderately repre-
sented by abundant soil samples exceeding the target
sample size at a specific soil type level. About one fifth
of them are poorly represented by small numbers of soil

samples. And only a few of them are represented by a
very large number of soil samples. About three fifths of
the soil polygons are linked with a search radius smaller
than the map extent, which indicates that the spatial
variation of soil properties among the soil polygons of
the same map unit is represented to some extent by the
data set; about two fifths of them are linked by all soil
samples at a specific soil type level, giving the same
result as the soil type linkage method; and only scores
of them are linked within the initial search radius, indi-
cating that the local spatial variation of soil properties
are mostly not represented due to the limited sampling
density.

[49] For other soil properties and soil depths, the spa-
tial distribution of QC information is similar, but the
data quality varies. Soil properties with more records
have a higher data quality. The data quality decreases
with soil depth because there are fewer observations in
the deep soil.

4. Discussion

[50] The soil data set developed in this study can be
used as input parameters or initial variables, and cali-
bration or evaluation data for LSMs. It is the first time
that the spatial distribution of various soil characteris-
tics in China at 30 arc-second resolution has become
available to land surface modelers and biogeochemical
researchers.

[51] We use the GSCC instead of the FAO symbols in
the HWSD to link the soil map and soil attributes.
Though different soil classifications can be correlated,
their referencing ability is usually far below 100% [Shi
et al., 2006a, 2006b, 2010], so use of any correlated clas-
sification in the linkage method would lead to some
errors. For this reason, it is better to use the local classi-
fication when soil profiles and a soil map using the
same classification are available. It should be noted that
China has developed a more advanced quantitative
classification system, the Chinese Soil Taxonomy
(CST), to replace the qualitative GSCC, although it is
still difficult to apply this system nationally, mainly
because of insufficient data [Shi et al., 2006a].

[52] The accuracy of the data is, of course, limited by
the errors and uncertainties of the raw data and those
introduced during data processing. QC information is
given to represent confidence levels in the derived
attributes. As the number of soil profiles of different
soil types is uneven, some soil types or map units have a
lower linkage soil type level and more linked profiles
and thus have a higher confidence level than the others.
The confidence level also varies among soil attributes.
Attributes with more records have a higher confidence.
The confidence of attributes can be divided into three
groups: attributes with a high confidence are particle
size distribution, pH value, SOC, total N, total P, total
K, CEC, structure, consistency and root abundance.
Attributes with a medium confidence are alkali-hydro-
lysable N, available P, available K, soil color. And
attributes with a low confidence are rock fragment,
bulk density, porosity, and exchangeable cations. As

Figure 7. Quality control (QC) information of soil pH
value (H2O) in topsoil (0-0.3 m) by soil polygon linkage
method. The meaning of the QC index is given in Table
2; only the first four digits of the QC index are given in
the figure; and values 0 and 1 of the last digit are com-
bined for brevity.
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there are more records for the near-surface layers, the
corresponding derived results are more reliable.

[53] There are many sources of uncertainty in deriving
the attributes, including soil map, soil attribute mea-
surement, distance between soil profile and map poly-
gon, the classification system (GSCC) and the linkage
method [Shangguan et al., 2012]. These uncertainties are
hard or even impossible to quantify. The uncertainty of
the spatial data (i.e., soil categorical map) is thought to
be the largest. A third soil survey of China at the
national scale to gain more reliable data seems to be far
away from now because of its high cost. It should be
also noted that some attributes are measured by differ-
ent analytical methods (S-II of the Supporting Informa-
tion) and the method used for a specific sample is
usually not recorded. This reduces the comparability of
soil analytical data, which brings inherent inconsistency
in the attribute data set [Batjes, 2003]. For example,
most of the soil pH values are measured using H2O as
the standard solution in our data set, but some records
have no indication of the standard solution. In addi-
tion, soil pH values are measured using different soil/
water ratios of suspensions, which deviate from each
other [Batjes, 1995].

[54] This data set has been produced mainly for use in
LSMs, and users should be careful when using the data
for other applications, especially at local or detailed
applications. The soil data set is appropriate for under-
standing how soil properties vary over large areas, but
is not appropriate for small areas. The linkage method
provides average estimates of attributes for a map unit
of a map polygon. Therefore, the estimated values may
be quite different from site-specific measurements or
the actual properties at a given grid cell location.

[55] The resolution of the raster map (30 3 30 arc-sec-
onds) is quite high for land surface modeling. It was
determined according to the original soil map scale to
preserve the most detailed information [Hengl, 2006].
As a result, there are many grid cells with identical
attributes belonging to the same soil polygon on the
original vector map, because the spatial variation within
the soil polygon is not included in the data set. The
average polygon area of the original soil map is about
101 km2, and the lowest quartile, the median and the
high quartile are 8, 20 and 55 km2, respectively, which
are better indexes to show the level of detail in the
derived raster map [Rossiter, 2003].

[56] It is desirable to make the best use of all legacy
data in China. There are more than 200,000 profiles col-
lected in the Second National Soil Survey of China, in
the study of Chinese Soil Taxonomy in 1990–1996
[Gong et al., 1999] and for other research-purposes, but
they are scattered in various publications (books,
papers, and unpublished reports). This is a valuable
source for soil information, but most such information
is in hard-copy, and requires digitization, geo-referenc-
ing, QC, and standardization. A China Digital Soil
Map data set at 1:50,000 scale has been developed since
1999, and soil categorical and nutrient paper maps at
1:50,000 scale and soil profile records with various
properties were collected from 2,300 counties of China

[Zhang et al., 2010]. On the other hand, there has not
been an effective platform to collect the new observa-
tions of soil in recent years, though some of them have
been published in the literature.

5. Conclusion

[57] We used soil profiles and the 1:1 million soil map
of China to develop a soil property data set for regional
LSMs. This data set is intended to be as complete as
possible and replace the outdated soil information that
has been used widely by the land surface modeling com-
munity. It includes most of physical and chemical prop-
erties of soil that are required by LSMs in NWPMs and
earth system models. It has much higher spatial preci-
sion than the HWSD, and more reasonable spatial pat-
terns and magnitudes. These improvements are due to
the use of more soil profile data, a higher resolution
map, strict QC, and a reasonable methodology of link-
age between profile data and map. QC information was
provided to represent confidence levels in the derived
attributes, though uncertainties inherent in the raw data
cannot be fully quantified. A thorough evaluation of
the overall data quality of all attributes is beyond the
scope of this study. The data set remains more qualita-
tive than quantitative. In many cases, it may only tell us
an approximate magnitude and spatial distribution.

[58] Efforts will be needed to improve the data set by
using more detailed soil information in China [Zhang et
al., 2010] and related environmental factors such as cli-
mate and topography through digital soil mapping and
modeling techniques [Grunwald et al., 2011]. These
efforts are needed to produce soil property maps with a
finer resolution of 3 3 3 arc-seconds required by the
GlobalSoilMap.net specification. We expect that the
use of the new data set instead of the old ones will result
in a better performance of LSMs, which should be dem-
onstrated through case studies. Future work will also
focus on the development of a global soil data set inte-
grating regional soil databases, such as State Soil Geo-
graphic Database (STATSGO) of the USA, the
National Soil Database of Canada, the Australian Soil
Resource Information System and others.

[59] The data are available at http://globalchange.
bnu.edu.cn, and will be the only China soil data set for
land modeling purpose, that can be freely downloaded.
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