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Abstract. The Unified North American Soil Map (UNASM)
was developed to provide more accurate regional soil in-
formation for terrestrial biosphere modeling. The UNASM
combines information from state-of-the-art US STATSGO2
and Soil Landscape of Canada (SLCs) databases. The area
not covered by these datasets is filled by using the Harmo-
nized World Soil Database version 1.21 (HWSD1.21). The
UNASM contains maximum soil depth derived from the data
source as well as seven soil attributes (including sand, silt,
and clay content, gravel content, organic carbon content, pH,
and bulk density) for the topsoil layer (0–30 cm) and the
subsoil layer (30–100 cm), respectively, of the spatial reso-
lution of 0.25 degrees in latitude and longitude. There are
pronounced differences in the spatial distributions of soil
properties and soil organic carbon between UNASM and
HWSD, but the UNASM overall provides more detailed and
higher-quality information particularly in Alaska and central
Canada. To provide more accurate and up-to-date estimate
of soil organic carbon stock in North America, we incorpo-
rated Northern Circumpolar Soil Carbon Database (NCSCD)
into the UNASM. The estimate of total soil organic carbon
mass in the upper 100 cm soil profile based on the improved
UNASM is 365.96 Pg, of which 23.1 % is under trees, 14.1 %
is in shrubland, and 4.6 % is in grassland and cropland. This
UNASM data will provide a resource for use in terrestrial
ecosystem modeling both for input of soil characteristics and
for benchmarking model output.

1 Introduction

Analyses of the global carbon cycle suggest a significant role
of North America as a biospheric sink of atmospheric car-
bon dioxide (CO2) in the overall carbon budget in the world
(Prentice, 2001; Gurney et al., 2002; CCSP, 2007). Given
the crucial role of North America in global carbon dynam-
ics, North America has become a focus of a US interagency
research initiative aimed at quantifying sources and sinks of
carbon and the mechanisms underlying continental-scale car-
bon balance (Wofsy and Harris, 2002).

Soil characteristics, an important input for terrestrial
ecosystem models, are mainly used to simulate soil water
balance. Generally, the soil water balance is modeled in two
approaches in terrestrial ecosystem models. Models, such
as CENTURY (Parton et al., 1987), the Carnegie-Ames-
Stanford (CASA) (Potter et al., 1996), and BIOME-BGC
(Kimball et al., 1997), consider the soil mainly as a storage
reservoir, or “bucket”. The bucket fills with water when pre-
cipitation is greater than evaporation, and no movement of
soil water between adjacent soil layers occurs. The soil stor-
age is defined by a prescribed soil depth and field capacity.
Precipitation is passed to the next soil layer until the soil is
at field capacity. Although the bucket model is simple to use,
it is not sophisticated enough to describe complex soil water
process. Therefore, some terrestrial ecosystem models adopt
more complicated approaches to simulate soil water balance.
For example, the Integrated Biosphere Simulator (IBIS) and
Simple Biosphere Model (SiB) employ Darcy’s law to simu-
late the vertical movement of soil water (Foley et al., 1996;
Sellers et al., 1986). The Lund-Potsdam-Jena (LPG) (Sitch et
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al., 2003), the Terrestrial Ecosystem Model (TEM) (McGuire
et al., 1993), and BIOME2 (Prentice et al., 1992; Haxeltine et
al., 1996) simulate soil water balance based on the empirical
model developed by Haxeltine et al. (1996), which is origi-
nated from Neilson et al. (1995) for the Mapped Atmosphere-
Plant-Soil System (MYPASS). However, whichever method
is used in terrestrial ecosystem models to simulate soil wa-
ter balance, they all require soil texture and depth informa-
tion to determine hydrologic parameters in the water balance
model and to further estimate soil moisture. While most mod-
els only require soil texture and depth (e.g. LPJ, IBIS), some
models also require gravel fraction (e.g. BIOME-BGC) and
organic matter content. These soil properties indirectly affect
leaf phenology, carbon dynamics, and soil nutrients pools
through effects of soil water balance model outputs. In ad-
dition, terrestrial ecosystem models require existing or po-
tential stores of soil nutrients (e.g. carbon and nitrogen con-
tent) when simulating photosynthesis, respiration, or other
biosphere processes (Cramer and Fischer, 1996).

Unfortunately, a lack of comprehensive gridded informa-
tion about North American soil properties based on US and
Canadian soil datasets has impeded the understanding and
improvement of modeling carbon dynamics in North Amer-
ica. Currently, North American carbon modeling relies on the
spatial subset of different world soil maps, such as digitized
Food and Agriculture Organization – United Nations Educa-
tional, Science and Cultural Organization (FAO-UNESCO)
soil map (Bouwman et al., 1993; McGuire et al., 1993), a
world dataset of derived soil properties by FAO-UNESCO
soil unit for global modeling (Batjes, 1997), the World In-
ventory of Soil Emission Potentials (WISE) (Gijsman et al.,
2007), and the Harmonized World Soil Database (HWSD)
(FAO/IIASA/ISRIC/ISS-CAS/JRC, 2013). In addition, there
are some efforts to develop global and regional soil grid-
ded datasets for ecology, climate and hydrology applications.
Webb et al. (1993) produced a global dataset, at 1◦

× 1◦ spa-
tial resolution, of soil physical properties by combining FAO
Soil Map of the World with the World Soil Data File of
Zobler (1986). This data provides the top and bottom depths
and percentages of sand, silt, and clay of individual soil hori-
zons for 106 soil types. Kern (1995) estimated geographic
patterns of soil-water-holding capacity for the conterminous
US, using the US Department of Agriculture–Natural Re-
sources Conservation Service (USDA–NRCS) National Soil
Geographic Database Major Land Resource Areas as a ge-
ographic base and the 1992 National Resources Inventory
and the associated Soil Interpretations Record (SIR). Bat-
jes (1996) developed a world dataset of soil water retention
properties using pedotransfer rules based on WISE. Miller
and White (1998) developed a multilayer soil dataset for
the conterminous US, with a 1 km spatial resolution and
based on the STATSGO. The soil properties provided by this
dataset include soil texture, rock fragment classes, depth-
to-bedrock, bulk density, porosity, rock fragment volume,
sand, silt, and clay fractions, available water capacity, and

hydrologic soil group. As a part of the Land Data Assimi-
lation (LDAS) project (Mitchell et al., 2003), the soil char-
acteristics database were created at 1/8 degree spatial reso-
lution for hydrologic modeling, in which the conterminous
US are based on Miller and White (1998) soil dataset and
the other areas are based on FAO soil map. The Vegeta-
tion/Ecosystem Modelling and Analysis Project (VEMAP)
(Kittel et al., 1995) developed a soil dataset that included
soil texture, depth, and other properties for the dominant soil
types based on Kern’s (1994, 1995) 10 km gridded Soil Con-
servation Service national-level (NATSGO) database.

The increasing amount of soil observations makes the
FAO-UNESCO Soil Map of the World obsolete, but none of
the available world soil maps incorporate the more detailed
and up-to-date US and Canada soil datasets. This paper de-
scribes the development of a two-layer gridded soil charac-
teristic dataset in North America for use in terrestrial ecosys-
tem and the related modeling. This Unified North American
Soil Map (UNASM) provides the commonly used soil prop-
erties that can be found in all the data sources. Hydrologic
properties are not provided by some of our data sources and
most ecosystem models have their own methods to estimate
soil hydrologic properties. Thus, soil hydrologic properties,
although can be useful in hydrologic, agricultural, and some
ecosystem models, are not included in this dataset. In this pa-
per, the UNASM is compared with the subset of HWSD 1.21
and the differences between these two datasets are evaluated.

A soil map is usually used to initialize or validate models
that study hydrology, photosynthesis, vegetation dynamics,
and any applications involving soil moisture. A soil map is
also essential to determine soil organic carbon stock, which
is the largest pool of terrestrial organic carbon and is affected
by land use/land cover change and climate change. Many
global and regional soil organic carbon estimates are avail-
able (Post et al., 1982; Sombroek et al., 1993; Jobbágy et
al., 2000; Tarnocai, 2009). However, few 0.5 degree or finer
resolution map of the size and spatial distribution of soil or-
ganic carbon pools in North America exist. In this study, we
estimate North American soil organic carbon stock based on
the Northern Circumpolar Soil Carbon Database (NCSCD)-
modified UNASM and the subset of HWSD 1.21 for major
vegetation types, and analyze the spatial distribution of soil
organic carbon in North America.

2 Data

The UNASM encompasses the US (including Alaska),
Canada, Mexico, and a part of Guatemala. It spans from
84 degrees to 10 degrees latitude, and from−170 degrees
to −50 degrees longitude. Below are the descriptions of the
source datasets.
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2.1 US General Soil Map (STATSGO2)

The US General Soil Map (STATSGO2) was developed by
the National Cooperative Soil Survey and supersedes the
State Soil Geographic dataset published in 1994. It consists
of a broad based inventory of soils and non-soil areas that oc-
cur in a repeatable pattern on the landscape and that can be
cartographically shown at the scale map (Soil Survey Staff,
Natural Resources Conservation Service,http://soildatamart.
nrcs.usda.gov). The dataset was created by generalizing more
detailed soil survey maps. Where more detailed soil survey
maps were not available, data on geology, topography, vege-
tation, and climate were assembled, together with Land Re-
mote Sensing Satellite (LANDSAT) images. Map unit com-
position was determined by transecting or sampling areas on
the more detailed maps and expanding the data statistically
to characterize the whole map unit. The spatial scale of this
dataset is 1: 250 000.

2.2 Soil Landscapes of Canada (SLC) version 3.2 and
2.2

The SLC V3.2 and V2.2 are standardized datasets consist-
ing of the major characteristics of soil and land for Canada.
SLCs were compiled at a scale of 1: 1 000 000, and infor-
mation is organized according to a uniform national set of
soil and landscape criteria based on permanent natural at-
tributes. Each polygon on the map is described by a standard
set of attributes and the associated landscape, such as sur-
face form, slope, permafrost and so on. Updates and correc-
tions to boundaries, attributes, and file structures have taken
place over the years. SLC V3.2 is the latest revision of the
Soil Landscapes of Canada, which was developed by Agri-
culture and Agri-Food Canada to provide information about
the country’s agricultural soils and the provincial and na-
tional levels (Soil Landscapes of Canada Working Group,
2010). SLC V2.2 is the latest complete coverage of Canada,
including areas outside the agricultural regions of the country
(Centre for Land and Biological Resources Research, 1996).
Both versions of soil landscapes data are linked to Canada
soil name and soil layer table V2.0, which contain compre-
hensive soil attributes along vertical direction for all soils in
Canadian National Soil DataBase (NSDB).

2.3 Harmonized World Soil Database (HWSD) Ver-
sion 1.21

The HWSD is a 30 arc-second (ca. 1 km) raster database with
over 16 000 different soil mapping units that combines ex-
isting regional and national updates of the soil information
worldwide (Soil and Terrain Database (SOTER), European
Soil Database (ESD), Soil Map of China, World Inventory of
Soil Emission Potential database (WISE)) with the informa-
tion contained within the 1: 5 000 000 scale FAO-UNESCO
soil map of the world (FAO/IIASA/ISRIC/ISS-CAS/JRC,

2013). The soil-mapping-units raster layer can be linked to
harmonized attribute data, which contains 16 physical and
chemical soil properties. The HWSD contains two standard
depths – the topsoil layer ranges from 0 to 30 cm and the
subsoil layer ranges from 30 to 100 cm.

The HWSD 1.21 is the latest version of HWSD. One of
the improvements of HWSD 1.21 is that it provides both ref-
erence bulk density values and the secondary Soil and Ter-
rain Database (SOTER) bulk density. The reference bulk den-
sity values are calculated from equations developed by Sax-
ton et al. (1986) that relate to the texture of the soil only
(FAO/IIASA/ISRIC/ISSCAS/JRC, 2013). These estimates,
although generally reliable, overestimate the bulk density in
soils that have a high porosity (Andosols) or that are high in
organic matter content (Histosols) (FAO/IIASA/ISRIC/ISS-
CAS/JRC, 2013). The SOTER bulk density has been esti-
mated by soil type and depth, based on available analyzed
soil data in the SOTER database of soil texture, organic mat-
ter, and porosity (FAO/IIASA/ISRIC/ISSCAS/JRC, 2013).
Thus, we use SOTER bulk density in this dataset.

2.4 The Northern Circumpolar Soil Carbon Database
(NCSCD)

One of the important objectives of this study is to quantify
the soil organic carbon storage in North America. However,
none of the datasets described above provide sufficient and
accurate soil organic carbon information for the high-latitude
permafrost region. To provide a more accurate estimate of the
soil organic carbon storage in North America, we combined
the NCSCD with soil organic carbon content derived from
the UNASM.

The NCSCD was developed to quantify the soil or-
ganic carbon stocks in the circumpolar permafrost region
(18.7× 106 km2). The NCSCD links organic carbon mea-
surements from 1647 pedons in the northern permafrost re-
gions to several digitized regional/national soil maps to pro-
duce a combined circumpolar coverage (Hugelius et al.,
2013). Together these datasets have been used to quantify
soil organic carbon stock in the topsoil (0–30 cm depth) and
down to a depth of 1 m. The NCSCD provides both GIS-
polygon files and gridded datasets. As the spatial resolution
of the UNASM is 0.25 degrees, we used the 0.25 degree grid-
ded NCSCD (in NetCDF format) in this study for estimating
North American soil organic carbon stock.

3 Methods and procedures

STATSGO2 and SLCs provide more detailed and accurate
soil information than HWSD. However, STATSGO2 and
SLCs are not easy for terrestrial ecosystem modelers to use
directly. First, many terrestrial ecosystem and related models
require a uniform grid cell or raster format different from
the format of STATSGO and SLCs, which are defined as

www.biogeosciences.net/10/2915/2013/ Biogeosciences, 10, 2915–2930, 2013
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polygons in a vector geographic information system envi-
ronment. Second, the number, thickness, and depth of soil
layers vary widely from one soil component to another, but
most models need soil data with harmonized layers that have
uniform depths. Third, the location information is not pro-
vided for each component, and only the relative amount
of each component within a map unit is specified. Conse-
quently, our objective is to produce a gridded soil map that
would meet the needs of modelers, combining information
of STATSGO2 and SLCs and filling the rest of the area with
HWSD1.21.

The compilation of the UNASM required a marked degree
of data integration and generalization of the geographical dis-
tribution of soil types to a regionally representative pattern.
Developing the UNASM involved four stages:

1. Convert STATSGO2, SLCs, and HWSD 1.21 into 0.25
degree gridded format by selecting the dominant soil
type in each cell.

2. Merged STATSGO2, SLCs and HWSD1.21 into a
seamless map that can best represent soil in North
America.

3. Harmonize the North American soil map developed
in stage 2 into two standard layers, 0–30 cm and 30–
100 cm.

4. Quality control.

3.1 Stage I: convert STATSGO2, SLCs, and HWSD 1.21
into 0.25 degree gridded format

For both STATSGO2 and SLCs, the required soil properties
were linked to the soil maps, which contain polygon features
of soil and nonsoil map units on the landscape. Each 0.25
degree grid cell may overlap with one or more soil unit poly-
gon feature and each of these soil unit polygon features may
contain one or more soil components, such as sand/silt/clay
fractions and bulk density. We first evaluated all the unique
soil types and their combined area fractions in a 0.25 degree
cell. The soil type with the highest area fraction was selected
as the dominant soil type in the cell. We then selected the
soil component that has the largest area of the dominant soil
type. Last, the selected soil component’s vertical soil layers
information along with their detailed soil properties were as-
signed to the target 0.25 degree grid cell. The data structure
of HWSD 1.21 is similar to those of STATSGO2 and SLCs.
The difference is that the HWSD 1.21 is represented in a
30 arc-second resolution raster map instead of vector poly-
gons. We applied a similar approach to that used for the two
polygonal datasets to select the dominant soil type and soil
component for each target 0.25 degree cell and then linked to
the detailed soil attributes.

Fig. 1. The spatial distribution of data sources for the UNASM. 
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3.2 Stage II: integrating different soil datasets into a
seamless product

The gridded STATSGO2, SLCs and HWSD 1.21 were in-
tegrated into a 0.25 degree North American grid with a to-
tal of 142 080 grid cells. The HWSD for North America
has not been updated since the FAO Soil Map of the World
was developed in 1970s. Thus, we give the lowest prior-
ity to HWSD. STATSGO was first published in 1994, and
in 2006 the STATSGO spatial and tabular data (which con-
tains soil attribute values) were revised and updated, and has
been renamed to STATSGO2. SLC3.2, published in 2011,
provides soil data for the significant agricultural regions of
Canada. SLC3.2 is based on SLC3.0 (released in 2005), but
SLC3.2 added some additional agricultural areas with new
soil attribute data. SLC2.0, released in 1996, not only covers
the agricultural region but also some other areas in Canada.
However, SLC2.0 is less reliable than SLC3.2 based on the
personal contact with the officers in Agriculture and Agri-
Food Canada. Therefore, based on whether the data is reli-
able and up-to-date, we merged different soil data sources
with the following priority: STATSGO2> SLC 3.2> SLC
2.2> HWSD 1.21. For the cells that have both STATSGO2
and SLC3.2, the fraction of the cell within Canada and U.S.
was calculated. If most of the area of a cell is within the US,
we will assign the STATSGO2 data to the cell. Otherwise,
SLC3.2 will be assigned to the cell.

The goal of this selection was to take advantage of more
precise soil information from STATSGO2 and SLCs, and fill
the rest of the area with the HWSD 1.21. The source dataset
used by each cell can be traced back using the source code
variable. Figure 1 illustrates the spatial distribution of data
sources for the UNASM. Among all the cells that have valid
values, STATSGO2 accounts for 40 % of the total land area,
SLC3.2 and SLC2.2 accounts for 8.5 % and 4.3 %, respec-
tively, and HWSD 1.21 accounts for 47.2 % of total land area.

Biogeosciences, 10, 2915–2930, 2013 www.biogeosciences.net/10/2915/2013/
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3.3 Stage III: harmonization with depth

After integrating the different soil datasets together, the
seamless dataset from Stage II still has inconsistent verti-
cal soil layers. Grid cells assigned with soil properties from
STATSGO2 may contain up to 11 soil layers, those from
SLCs may contain up to 9 soil layers and cells from HWSD
have two soil layers. The thickness of soil layers also varies
across cells. To harmonize the vertical structure within these
three datasets in the UNASM, we converted the profile data
into two standard layers that are consistent with the HWSD
1.21. The top layer is from 0 to 30 cm and the sub layer is
from 30 to 100 cm.

We used the depth-weighted averaging method to inter-
polate the layers from the Stage II dataset to the two stan-
dard layers for the volume-related properties gravel fraction
and pH, and used the mass-weighted averaging method for
the other soil properties that are related to soil weight. The
standard UNASM layers were compared to each layer in the
Stage II soil dataset. If the UNASM layer was entirely con-
tained within a single unified soil data layer from Stage II,
we used the Stage II layer value for the standard layer. Oth-
erwise, all layers from Stage II that were fully or partially
included within the standard UNASM layers were identified,
and a portion to each of the standard layers was used as the
weighting to determine the standard layer properties. If the
soil thickness is less than 30 cm or 100 cm, the maximum soil
depth would be used for harmonization rather than extending
the attributes to 100 cm. Therefore, if the soil thickness was
less than 30 cm, the weighted average of soil properties in
different layers would be assigned to the topsoil layer, but the
subsoil layer (30–100 cm) would be filled with missing value,
which is−999.0 in this study. The maximum soil depth de-
rived from the data sources is kept as a separate variable in
the UNASM.

3.4 Stage IV: quality control

All fields in the UNASM were checked for the minimum and
the maximum, which were then compared to the value range
for each soil property in the source datasets. The cell values
in the UNASM falling out of soil property value ranges were
treated as errors. Only few errors were found, and these er-
rors have been corrected.

Missing values resulting from empty entries in the data
source were filled with−999.0, except for soil texture fields
in the surface organic layer. Zeros in sand, silt, clay content
in the surface organic layer from STATSGO2 and SLCs are
valid values for soil since soil texture is not applicable in this
case.

The sum of sand, silt and clay fractions in top and subsoil
layers was corrected to 100 % in the cases where necessary
due to rounding errors. Similar to what was done in the de-
velopment of the HWSD 1.21, when the sum was less than
100 %, the largest percentage was increased to obtain 100 %.

Table 1.Soil depth, source code, and attributes of topsoil layer (0–
30 cm) and subsoil layer (30–100 cm).

Soil Attribute Abbreviation Units

Maximum Soil Depth Soil Depth cm
Source Code Source na
Topsoil Sand Fraction tsand % weight
Topsoil Silt Fraction tsilt % weight
Topsoil Clay Fraction tclay % weight
Topsoil Gravel Fraction tgravel % volume
Topsoil Organic Carbon toc % weight
Topsoil pH (H2O) tph −log (H+)

Topsoil Bulk Density tbd g cm−3

Subsoil Sand Fraction ssand % weight
Subsoil Silt Fraction ssilt % weight
Subsoil Clay Fraction sclay % weight
Subsoil Gravel Fraction sgravel % volume
Subsoil Organic Carbon soc % weight
Subsoil pH (H2O) sph −log (H+)

Subsoil Bulk Density sbd g cm−3

When the sum exceeded 100 %, the highest value was re-
duced to obtain a sum of 100 %.

3.5 Soil properties

This study considers seven soil attributes that are commonly
required in terrestrial biosphere modeling studies (Table 1).
In addition, we provide the maximum soil depth from the
sources and the source code that specifies the origin of the
attributes values. The detailed explanations of each soil prop-
erty can be found in Appendix A.

3.6 Computation of soil carbon content and soil carbon
mass

The soil organic carbon content (SOCC, g cm−2) was calcu-
lated for each cell of the UNASM using the formula:

SOCC= OC× BD × T × (1− Gravel), (1)

where OC is the soil organic carbon concentration
(% weight), BD is the bulk density (g cm−3), T is the soil
layer thickness (either 30 or 70 cm), and Gravel is the gravel
fraction (% volume). Using this information, the SOCC was
calculated for the 0–30 and 30–100 cm layers for all cells.
The total SOCC of the upper 100 cm soil profile is the sum
of SOCC in the topsoil and subsoil layers. To provide a more
detailed estimate of soil organic carbon, the SOCC values in
the high-latitude cells in the UNASM were then replaced by
the SOCC values in the corresponding cells in the 0.25 de-
gree NCSCD. The soil organic carbon mass (SOCM, Pg) was
determined by multiplying the SOCC by the area of each cell.
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4 Results

4.1 The comparisons of soil properties between
UNASM and HWSD

Figure 2 shows the histogram of soil property values in the
topsoil layer (0–30 cm) and the subsoil layer (30–100 cm) in
the UNASM and HWSD. Overall, the distribution of soil
property values in the UNASM agrees with those in the
HWSD, but the distributions of gravel fraction, organic car-
bon concentration, and bulk density have greater discrepan-
cies between the UNASM and the HWSD. The UNASM has
higher gravel fraction, with 56 % non-zero cells within 10–
100 % value range in the topsoil layer and 68 % of non-zero
cells in the subsoil layer. In contrast, the HWSD only has
45 % of non-zero cells lie within 10–100 % value rang in the
topsoil layer and 56 % in the subsoil layer. The UNASM also
has higher organic carbon concentration. The maximum soil
organic carbon concentration in the UNASM is 58 % in the
topsoil layer and 60 % in the subsoil layer, but in the HWSD
the maximum is 38 % in the topsoil layer and 39 % in the
subsoil layer. In the topsoil layer, 13 % of non-zero cells in
the UNASM lie within 5–60 % value range while only 6 % of
non-zero cells in the HWSD lie within the same high value
range. Both STATSGO2 and SLCs contain the organic layer.
When harmonizing the unified data into two standard layers,
we combined organic layer with the mineral layers below.
Usually the organic layer did not extend past the top 30 cm,
so only the topsoil layer was affected, resulting in the higher
soil organic carbon concentration in the UNASM. However,
occasionally, the organic layer extends below 30 cm depth,
affecting the density of both the topsoil and subsoil layers
in the UNASM. Unfortunately, there is no information avail-
able about whether the HWSD takes into account the organic
layer during harmonization. Because of the higher soil or-
ganic carbon concentration, the UNASM has lower bulk den-
sity than the HWSD, with a mean of 1.2 g cm−3 in the topsoil
layer and 1.3 g cm−3 in the subsoil layer.

The difference map, which is the result of UNASM minus
HWSD 1.21, demonstrates the spatial distributions of differ-
ences between the UNASM and the HWSD 1.21 for all soil
properties (Fig. 3).

4.1.1 Soil texture

The UNASM has lower sand content in the central and east-
ern US, Alaska, and some areas in Canada, but higher sand
content in the coastal area of southeastern US and the areas
near Great Slave Lake and Lake Winnipeg in Canada. Clay
content in general is slightly lower in the UNASM. The loca-
tions of high clay content are in the north of Lake Winnipeg
(Canada), along the Mississippi River (US), and in central
Montana (US). The difference in spatial distribution of soil
texture would affect the estimates of hydrological proper-
ties of soil, such as porosity and hydraulic conductivity, and

 

Fig. 2. The histogram and the mean of soil properties of the top soil layer (0-30 cm) and sub soil layer (30 -100 cm) 

in the UNASM and the subset of the HWSD 1.21. 

Fig. 2. The histogram of soil properties of the topsoil layer (0–
30 cm) and subsoil layer (30–100 cm) in the UNASM and the subset
of the HWSD 1.21.

hence influence the modeling of water availability and energy
partitioning.

4.1.2 Gravel fraction

Gravel fraction is much higher in the western and northeast-
ern US, some areas of Alaska, and southwestern Canada in
the UNASM. We compared the gravel fractions derived from
these two datasets with the data reported in a few studies.
In the northwestern Sonoran Desert, California, Young and
Nobel (1986) reported that the average gravel content from
0–50 cm is about 35 % in the study sites. In the UNASM, the
gravel fraction in Sonoran Desert ranges from 22 % to 51 %,
but the average gravel fraction in HWSD in the same area is
about 4 %. Simanton et al. (1994) reported up to 60 % gravel
in the upper 10 cm of the soil profiles and less than 40 %
gravel in the underlying parts of the profiles in the study sites
in southeastern Arizona. In the same area, gravel fraction in
the UNASM ranges from 6.8 % to 51 %, but in the HWSD it
ranges from 4 % to 20 %. Vasek (1980) reported 24 %–57 %
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Fig. 3.The difference map between the UNASM and the subset of the HWSD 1.21 for each soil property. The topsoil ranges from 0 to 30 cm
and the subsoil ranges from 30 to 100 cm.
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gravel in the study sites in the San Bernardino County of Mo-
jave Desert, California. In the UNASM, the gravel fraction is
between 9 % and 51 %, but in the HWSD, the gravel fraction
is between 4 % and 20 % in the same area. The gravel frac-
tion data provided in a few studies suggest that the HWSD
may underestimate the gravel fraction in western US.

4.1.3 Soil organic carbon concentration

The UNASM has much higher soil organic carbon concen-
tration in most area of Alaska, and the lake area in the cen-
tral Canada, but slightly lower values in the conterminous US
for the topsoil layer. A few studies reported the soil organic
carbon concentration and bulk density of the soil samples
taken at sites in Alaska (Table 2). With these data, we calcu-
lated the soil organic carbon concentration and bulk density
for the surface layer (0–30 cm) and the subsoil layer (30–
100 cm) using the same method as we used for UNASM. In
the UNASM, soil organic carbon concentration values range
from 0.87 to 51 % and the median is 17 % in Alaska, which
agrees well with the field studies data listed in Table 2. This
qualitative comparison suggests that the HWSD may under-
estimate the soil organic carbon concentration in Alaska.

4.1.4 pH

We compared the pH values in the UNASM and the HWSD
with the median pH values provided in Soil Test Levels in
North America (Fixen, 2005). We found that both datasets
agree well with values in Fixen’s report, but pH in the
UNASM is slightly lower than pH in the HWSD in most ar-
eas of southwestern Canada, Alaska, and some areas of US,
while slightly higher in southwestern and southeastern US.

4.1.5 Bulk density

Bulk density diverges from HWSD to a greater degree than
for the other soil properties. The UNASM bulk density is
the mass-weighted average and includes the soil organic
layer as part of the profile. In the area filled with the val-
ues from HWSD, bulk density is also recalculated using our
method. The values in the area filled with the HWSD are
slightly lower than the values in the original HWSD. The
most significant differences of bulk density lie in Alaska,
US and northern Alberta and southern Northwest Territo-
ries, Canada. Where the soil organic carbon concentration is
higher in the UNASM, the bulk density is lower than in the
HWSD.

4.2 Spatial distribution of SOCC

Regional patterns of soil carbon content from 0–100 cm
based on the NCSCD, UNASM, and HWSD are shown in
Fig. 4. The UNASM provides more details in conterminous
US than HWSD does, particularly showing higher values in
central US, the coastal area of Washington state, Minnesota,

Fig. 4. SOCC in the top 100 cm soil profile derived from in the top 100 cm soil profile derived from (a) NCSCD, (b) UNASM,

 

, and (c) HWSD 1.21.  Fig. 4. SOCC in the top 100 cm soil profile derived from(a) NC-
SCD,(b) UNASM, and(c) HWSD 1.21.

coastal area of North Carolina, and southern Florida. In
northern circumpolar region, all three maps demonstrate the
high SOCC in coastal area of Ontario, Manitoba and around
Great Bear Lake, Great Slave Lake and Lake Winnipeg
in Canada. However, the NCSCD provides pronounced de-
tails of SOCC distribution in Canada especially in northern
Canada where both UNASM and HWSD lack data.
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Table 2.Soil organic carbon concentration (OC) and bulk density (BD) of field studies in Alaska.

Location Land Depths BD OC Reference
Cover (cm) (g cm−3) (%)

Barrow Moist Acidic tundra 0–30 0.96 12.4

Michaelson et al. (1996)

30–100 0.97 8.9
Barrow Wet acidic tundra 0.58 11.72

1.11 9.08
Nello Pingo Moist acidic tundra 0.41 31.82

0.40 7.46
Betty Pingo Wet non acidic tundra 0–30 0.60 21.3

30–100 0.38 11.7
Betty Pingo Moist non acidic tundra 0.78 11.27

0.38 12.40
AK Pipline Mile 24 Wet non acidic tundra 0.39 13.60

0.89 3.17
Sagwon Hills Moist non acidic tundra 0.59 7.95

1.00 4.38
Toolik Lake Moist acidic tundra 0.47 11.65

0.52 5.63
Toolik Lake, Alaska Wet acidic fen 0–30 0.47 10.8

30–100 0.30 8.9
Imnaviat Creek Wet acidic tundra 0.09 41.81

0.26 34.08
Imnaviat Creek, Alaska Moist acidic tundra 0–30 0.62 11.6

30–100 0.83 8.8
Sag River Riparian shrubland 1.15 1.00

0.98 0.80
Sag River Wet acidic tundra 1.03 4.84

0.92 2.42
Happy Valley Moist acidic tundra 1.00 4.75

0.71 8.84
Atigun River Gorge, Alaska Alpine 0–30 1.5 2.5

30–100 2.03 0.9

Betty Pingo, Alaska Marsh 0–30 0.62 21.6

Ping et al., 1997

30–100 1.53 3.68
Happy Valley 0.62 21.64

1.53 3.68
Toolik Lake 0.86 9.07

1.47 2.70
Coldfoot, Alaska Boreal Forest 0-30 0.25 48.59

30–100 1.39 5.80
Smith Lake, Alaska Bog 0–30 1.08 16.48

30–100 1.13 10.3
Delta Junction 0.66 3.82

1.23 1.13
Nancy, Alaska Boreal Forest 0–30 0.77 7.64

30–100 0.95 0.99
Pt. MacKenzi, Alaska Bog 0–30 0.15 52.92

30–100 0.37 39.00
Sukoi 0.56 14.51

0.93 3.04

Tanana Valley, Alaska Black Spruce Organic Horizon 0.11 34.5 O’Neil et al. (2003)
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Interestingly, the estimate based on the original UNASM
shows higher SOCC in Alaska than that in NCSCD does. In
Alaska, SOCC derived from the UNASM ranges from 1.5–
8.1 g cm−2 in the northern tundra zone, to 3.7–7.1 g cm−2

in the interior of Alaska, and 0.67–9.6 g cm−2 in the south-
ern coastal area, but in the NCSCD, SOCC value ranges
from 1.0–8.3 g cm−2 in the northern tundra zone, to 0.6–
2.6 g cm−2 in the interior of Alaska, and 0.60–9.6 g cm−2

in the southern coastal area. The estimate derived from the
UNASM roughly agrees with the field sampling result of
Ping et al. (1997), in which they reported soil carbon con-
tent of 6.92, 5.99, and 3.14 g cm−2, respectively in three
tundra vegetation zones in northern Alaska, 7.87, 1.69, and
12.92 g cm−2 in the interior forest/taiga zone, and 2.4, 12.6,
and 4.37 g cm−2 in the southern coastal zone. However, Ping
et al. (1997) also mentioned in the paper that their result was
slightly higher than other studies (Oechel and Billings, 1992;
Chapin and Matthews, 1993). The HWSD has much lower
SOCC values in Alaska mainly due to insufficient data. To
provide a more detailed estimate of soil organic carbon stock
in North America, we incorporated the Alaska and Canada
soil organic carbon data of NCSCD into the SOCC map
derived from the UNASM. The NCSCD-modified UNASM
soil organic carbon map is only different from the original
UNASM in Alaska and Canada where the UNASM was de-
veloped without sufficient data. The rest of the analyses use
the NCSCD-modified UNASM soil organic carbon map in-
stead.

Figure 5 illustrates the mean SOCC within each degree lat-
itudinal band for the upper 30 cm and the upper 100 cm soil
profile. The NCSCD-modified UNASM soil organic carbon
map shows significantly high values within 65◦–80◦ latitu-
dinal bands where the permafrost soil in Alaska and Canada
is high in soil organic carbon. The relatively high potential
for organic matter storage in cool and humid high latitudi-
nal soils is mainly due to climatic conditions that cause the
slow decomposition rate in the balance between carbon in-
puts and carbon losses (Post et al., 1982; Carter et al., 1997).
However, the HWSD illustrates low values in this region due
to insufficient data, but shows a peak in 48◦–58◦ latitudinal
bands.

Within 48◦–25◦ latitudinal band, the NCSCD-modified
UNASM soil organic carbon map is the same as the origi-
nal UNASM, which is mainly derived from STATSGO2. In
this region, the UNASM has lower average SOCC in the top-
soil layer due to the high gravel fraction, but shows little dis-
crepancy from the pattern of the HWSD in the upper 100 cm
soil profile. Although soil organic carbon concentration, bulk
density, and gravel fraction show pronounced regional differ-
ences between UNASM and HWSD within the 48◦–25◦ lat-
itudinal bands, the combined effect of these three properties
diminishes the differences in the SOCC in the upper 100 cm
soil profile. The increase in SOCC within 21◦–19◦ latitudinal
bands is the result of relatively higher SOCC in the central
and southeastern Mexico.

Fig. 5 illustrates the mean SOCC within each degree latitudinal band for the upper 30 cm and the 

upper 100 cm soil profile. The NCSCD-modified UNASM soil organic carbon map shows 
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Fig. 5. The latitudinal mean SOCC in (a) the 0-30 cm and (b) the 0-100 cm soil profile.  

4.3 SOCC Summarized by Vegetation Types 

Although the spatial distribution of soil organic carbon is primarily controlled by precipitation, 

temperature and clay content (Oades, 1988; Sala et al., 1988; Amundson, 1989; Paul, 1984), the 

type of vegetation or crop and the type of land use or agricultural management system can also 

Fig. 5. The latitudinal mean SOCC in(a) the 0–30 cm and(b) the
0–100 cm soil profile.

4.3 SOCC summarized by vegetation types

Although the spatial distribution of soil organic carbon is pri-
marily controlled by precipitation, temperature and clay con-
tent (Oades, 1988; Sala et al., 1988; Amundson, 1989; Paul,
1984), the type of vegetation or crop and the type of land use
or agricultural management system can also influence soil or-
ganic matter content (Carter et al., 1997). We calculated the
average SOCC for major vegetation types (Fig. 6), includ-
ing needle leaf trees, broad leaf trees, mixed trees, shrubs,
grasses, and crops, based on the International Satellite Land
Surface Climatology Project (ISLSCP II) MODIS (Collec-
tion 4) IGPB Land Cover, 2000–2001(Friedl et al., 2002,
2010). Needle leaf trees have the highest average SOCC
as the result of slow decomposition under cool tempera-
tures at high latitudes. Broad leaf trees, on the other hand,
have lower average SOCC. Shrubs have higher SOCC in the
NCSCD-modified UNASM soil carbon map than those in
the HWSD, mainly because the shrubs not only live in the
mid-latitude semi-arid and arid areas but also exist in high-
latitude areas, in which stores a large amount of soil organic
carbon. Grasses have the lowest average SOCC values in
the NCSCD-modified UNASM. Crops have lower average
SOCC values than trees and shrubs but have higher values
than grasses.

4.4 SOCM

In the NCSCD-modified UNASM soil carbon map, the to-
tal SOCM in the upper 100 cm soil profile is 365.96 Pg, and
in the HWSD, the total SOCM is 296.70 Pg. Approximately
74.4 % of the carbon pool in the NCSCD-modified UNASM
soil carbon map and 52.2 % of the carbon pool in the HWSD
are held in the top 30 cm, the layer which is most prone to
changes upon land use/land cover conversion. Table 3 sum-
marizes the SOCM for six major vegetation types, including
needle trees, broad leaf trees, mixed trees, shrubs, grasses,
and crops. The upper 100 cm soil under needle trees stores
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influence soil organic matter content (Carter et al., 1997). We calculated the average SOCC for 
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Fig. 6 The mean SOCC for major vegetation types in (a) the 0-30 cm and (b) the 0-100 cm soil profile.  
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Fig. 6. The mean SOCC for major vegetation types in(a) the 0–
30 cm and(b) the 0–100 cm soil profile.

about 68.27 Pg carbon mass based on the NCSCD-modified
UNASM, and the soil under shrubs is the second largest car-
bon pool that stores about 51.63 Pg carbon. Based on the
estimates from the NCSCD-modified UNASM soil organic
carbon map, about 23.1 % of soil organic carbon in the up-
per 100 cm is stored under trees, about 14.1 % of soil organic
carbon is stored under shrubs, and only 1.3 % is stored under
grasses and 3.6 % under crops.

5 Discussion

5.1 The difference between UNASM and HWSD 1.21

We present the 0.25 degree Unified North American Soil
Map that combines US STATSGO2, Canada SLC3.2 and
SLC2.2, and HWSD1.21. The HWSD 1.21 is the most re-
cent soil dataset, but to our knowledge it is based on mea-
surements from North America that were made in the 1970s.
Therefore, the UNASM provides more up-to-date and de-
tailed information for the US and Canada. The pronounced
difference between UNASM and HWSD occurs in Alaska
and central Canada around the major lakes. The difference
between UNASM and HWSD in conterminous US is less
obvious than that in Alaska, US and some areas in Canada,
but the difference, especially in soil texture and soil organic
carbon concentration, may result in the large differences in
estimating water and energy budgets and SOCM (Fernandez-
Illescas et al., 2001; Abu-Hamdeh, 2003).

5.2 The implication on North American soil organic
carbon stock

Both UNASM and HWSD lack sufficient data in high lat-
itudes, particularly in northern Canada, where permafrost
soils contain a significantly large amount of soil organic car-
bon (Tarnocai et al., 2009). To provide a more accurate and
up-to-date estimate of soil organic carbon stock in North
America, we incorporated an Alaska and Canada NCSCD

into a UNASM soil organic carbon map. The NCSCD-
modified UNASM soil organic carbon map demonstrates
more details in the spatial distribution of SOCC and the
large potential of soil organic carbon stock in high lati-
tudinal regions. However, the NCSCD-modified UNASM
soil organic carbon map has lower values in Alaska than
the SOCC derived from the original UNASM. The average
SOCC in the upper 100 cm in Alaska is 4.0 g cm−2 based on
the UNASM and 1.8 g cm−2 based on the NCSCD-modified
UNASM. The average SOCC estimated from NCSCD-
modified UNASM is also lower than the other published es-
timates. For example, Post et al. (1982) reported an aver-
age SOCC value of 2.18 g cm−2 for the Arctic tundra region.
Ping et al. (2008) reported average SOCC to be 3.48 g cm−2

for 100 cm depth in Alaska. Johnson et al. (2011) stratified
the state of Alaska into different ecoregions and reported av-
erage SOCC (for 100 cm depth) of 5.33 g cm−2, 0.86 g cm−2,
2.1 g cm−2, and 2.4 g cm−2 for arctic tundra, intermontane
boreal, Alaska range transition, and costal rainforests, re-
spectively. Mishra and Riley (2012) predicted SOCC in
Alaska using spatially referenced environmental variables
and pedon observations, resulting in the average SOCC of
3.54 g cm−2 for the active layer and 5.36 g cm−2 for the
whole profile. The average SOCC estimated from the original
UNASM is close to the case 3 (4.49 g cm−2) result reported
by Bliss and Maursestter (2010), probably because both the
UNASM and the case 3 in Bliss and Maursestter (2010) used
the soil order to link STATSGO soil map with soil property
information. The differences with the estimates of Alaska av-
erage SOCC from these studies can be attributed to the num-
ber and quality of the pedon observations used to develop the
dataset, the way to develop the soil map and estimate SOCC,
and the spatial resolution of the soil map. The total SOCM
across Alaska is 48.07 Pg based on the UNASM and 24.52 Pg
based on the NCSCD-modified UNASM soil organic carbon
map. In the conterminous US, the SOCC derived from the
UNASM agrees with the one based on HWSD in most areas,
except in the eastern US Minnesota, and Iowa. The UNASM
shows lower SOCC in eastern US, but higher SOCC in Min-
nesota and Iowa.

The average SOCC for the major biome types in the
NCSCD-modified UNASM roughly agrees with the result
of Post et al.’s (1982) study, except shrubs in NCSCD-
modified UNASM have much higher SOCC values than the
cool temperate bush in Post et al.’s (1982) study. Needle
trees have higher mean SOCC than the other vegetation types
mainly due to the slow decomposition resulted from the cool
weather. However, there are very few studies of the impact of
vegetation on the spatial distribution of soil organic carbon,
because vegetation and climate typically covary in a com-
plex fashion to impact the accumulation of soil organic car-
bon. Post et al. (1982) estimated soil carbon density for veg-
etation life zones and studied its relationship with climatic
factors. Quideau et al. (2001a, b) suggested that the mosaic
of vegetation has significant impact on the accumulation and

www.biogeosciences.net/10/2915/2013/ Biogeosciences, 10, 2915–2930, 2013



2926 S. Liu et al.: The Unified North American Soil Map

Table 3.The total SOCM and SOCM for major vegetation types in the top 0–30 cm and the 0–100 cm soil profile in North America derived
from the NCSCD-modified UNASM soil carbon map and HWSD 1.21.

Soil Needle Trees Broad Leaf Mixed Trees Shrubs Grasses Crops Total
Layer (Pg) Trees (Pg) (Pg) (Pg) (Pg) (Pg) (Pg)

NCSCD-modified UNASM Soil Organic Carbon Map

0–30 cm 53.08 8.02 2.37 44.43 1.73 5.72 272.50
0–100 cm 68.27 12.93 3.36 51.63 4.64 13.04 365.96

HWSD 1.21

0–30 cm 28.45 9.14 1.58 15.22 1.93 5.05 154.86
0–100 cm 59.37 14.55 3.06 29.17 4.21 10.28 296.70

turnover of soil organic matter directly by determining the
quality and the pathway of biomass incorporation into soil.
Given the limited studies of the impact of vegetation on soil
organic carbon spatial distribution, our results can only be
explained by the climate factors, but more studies on finer
scales are needed to evaluate the effect of vegetation on soil
organic carbon spatial distribution under the same climatic
condition.

The total SOCM in the upper 100 cm soil profile is
365.96 Pg based on the NCSCD-modified UNASM, higher
than the estimates of 296.70 Pg derived from the HWSD
1.21. Since the NCSCD does not provide other soil proper-
ties information required for terrestrial biosphere modeling
except for SOCC, the NCSCD-modified UNASM soil or-
ganic carbon map is a separated dataset from the UNASM.
Although there are estimates for various subregions of the
North America domain (Kern, 1994; Bliss and Maurestter,
2010; Johnson et al., 2011; Mishra and Riley, 2012), the es-
timate based on UNASM is the first and the most up-to-date
estimate of soil organic carbon in North America based on
the observed soil type distribution, combining the latest na-
tional soil surveys of the US and Canada. It provides more
details of spatial distribution of soil organic carbon in North
America and can be used as a benchmark for the terrestrial
biosphere modeling research.

5.3 The limitation and the uncertainty of UNASM

The UNASM is created for use in terrestrial biosphere mod-
eling. Given the limited resources, the UNASM is developed
at 0.25 degree in latitude and longitude, which limits the flex-
ibility for users to downscale to any spatial resolution. More-
over, the UNASM is derived from different sources that use
different soil taxonomies, and thus the current version of the
UNASM does not provide uniform soil taxonomy.

Quantifying the uncertainty of the UNASM is quite com-
plicated, as it is developed from four data sources with-
out uncertainty for any of them. In this paper, we only
use a simple index as the approximation of the certainty of
the UNASM. We provide the percentage of the area of the

dominant component selected for each cell to the total land
area of the cell. This percentage can be served to quantify the
extent to which the selected dominant soil component repre-
sents the cell. The higher percentage implies that the selected
soil component can be more representative to the soil prop-
erties within the cell and the soil information assigned for
the cell is of more confidence. We found that 51.3 % of all
land cells have the 1st dominant soil component that occu-
pies over 50 % of the land area of the cell. The 1st dominant
soil component selected for most of land cells can represent
40–70 % of the cell area (Fig. 7). The percentage that the
dominant soil component occupies over 50 % of the land area
of the cell increases to 85.2 % if we select the 1st and the 2nd
dominant soil components for each cell, and it increases to
95.2 % if we select the three most dominant soil components
for each cell. In other words, the 1st dominant soil compo-
nent can represent about half of the land cells in UNASM,
while three most dominant soil components can represent al-
most all land cells in UNASM. However, the current terres-
trial biosphere models can only take one value of each prop-
erty for each cell. In addition, soil information cannot be av-
eraged across different soil types because a specific soil type
is associated with specific soil properties. Though we pro-
vide soil information of the 1st, 2nd, and 3rd dominant soil
components for each cell, respectively, it is hard to use them
in modeling. Therefore, we will not provide further analysis
about the variability of soil information determined by se-
lecting different soil components for each cell in this paper.
In terms of the source data quality, we have relatively higher
confidence in the area based on STATSGO2 and SLC3.2, and
lower confidence in the area based on SLC2.2 and the area
filled with HWSD1.21. Especially the high-latitudinal area
filled with HWSD 1.21 is of less confidence due to the lack
of observations when developing HWSD.

For the future work, one useful activity would be to in-
corporate more soil properties, so that this soil dataset can
be used not only in terrestrial ecosystem modeling but also
in hydrologic and agricultural applications. Another useful
activity would be a comprehensive sensitivity analysis of
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Fig. 7. The percentage of the area of the first dominant soil component to the area of the cell
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terrestrial ecosystem model performance in relation to dif-
ferent soil inputs.

6 Conclusions

The North American soil map presented here fills a need of
the modeling community for a dataset of soil physical prop-
erties specifically created for North America by combining
state-of-the-art soil information from STATSGO2, two ver-
sions of SLCs, and HWSD1.21. The comparison between
the UNASM and the HWSD illustrates the pronounced dif-
ference in the spatial distributions of soil properties and soil
organic carbon, but the UNASM overall provides higher-
quality and more detailed information particularly in Alaska
and central Canada. The total SOCM in the upper 100 cm soil
profile is 365.96 Pg based on the NCSCD-modified UNASM,
among which 23.1 % is under trees, 14.1 % is under shrubs,
and 1.3 % is under grasses and 3.6 % under crops. These new
estimates will help provide a more reliable prediction for the
effect of global climate change and land use management on
the carbon budget.

In order to provide end users the most functional dataset,
the UNASM is in uniform 0.25 degree grid. The UNASM
is in NetCDF format to meet the input requirement of most
terrestrial biosphere models. This data will be archived in
Oak Ridge National Laboratory Distributed Active Archive
Center for Biogeochemical Dynamics (ORNL DAAC) (Liu
et al., 2013).

Appendix A

The description of soil properties in the UNASM

A1 Sand, silt, and clay content

Sand, silt, and clay content, defined as the percentage of
each size class based on weight, are the most important soil

attributes to quantify soil texture. Sand comprises particles
or granules ranging in diameter from 0.05 mm to 2.0 mm. Silt
size is between 0.002 and 0.0625 (In STATSGO2, the silt size
is between 0.002 and 0.05 mm). Clay is composed primarily
of fine-grained with the diameter less than 0.002 mm.

When harmonizing the unified soil dataset into two stan-
dard layers (the topsoil layer is from 0–30 cm, and the subsoil
layer is from 30–100 cm), sand, silt and clay fractions were
calculated as

SandSiltClay %=
Msand, silt, clay

Mmin
× 100 %, (A1)

whereMsand, silt, clayrepresents the mass of sand, or silt, or
clay in the standard layer, andMmin represents the total mass
of mineral soil in the standard layer.Mmin is determined as
the product of the bulk density of mineral soil, the fraction
of mineral soil (which is 1 minus the fraction of the organic
matter), and the volume of the standard soil layer.

A2 Gravel content

Gravel content is the volume percentage gravel (diame-
ter> 2 mm) in the soil. The depth-weighted average method
was used to interpolate gravel content of different layers into
two standard layers in the UNASM.

A3 Bulk density

Bulk density is the ratio of the mass of soil material to the
total volume of solids plus pores. It is often used to esti-
mate soil hydrological properties and to calculate the total
amount of soil carbon. The reference bulk density measured
at 0.33 bar water confront from STATSGO2 is used for the
UNASM. Since bulk density is measured and estimated us-
ing different methods, potential bias among the bulk density
measurements from different sources might exist.

When harmonizing the unified soil dataset into two stan-
dard layers, bulk density is calculated as:

BD =
Morg+ Mmin

V
, (A2)

whereMorg and Mmin are the mass of organic matter and
mineral matter in the standard soil layer, andV is the volume
of the standard layer.Morg is determined as the product of
bulk density of organic matter, the fraction of organic mat-
ter, and the volume.Mmin is determined as the product of
the bulk density of mineral soil, the fraction of mineral soil
(which is 1 minus the fraction of the organic matter), and the
volume.

A4 Soil organic carbon

Soil organic carbon concentration is defined as the percent-
age of soil weight. However, estimates of soil organic car-
bon stock generally refer to a given depth of soil. Therefore,
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the amount of soil in a given depth depends not only on soil
organic carbon content as provided by this dataset, but also
depends on bulk density, area, and depth.

The mass-weighted average of soil organic carbon concen-
tration (OC) was calculated when the unified soil dataset was
harmonized into two standard layers:

OC= 0.58×
Morg

Morg+ Mmin
× 100, (A3)

whereMorg and Mmin are the mass of organic matter and
mineral matter, respectively, the same as the ones used to cal-
culate bulk density. The constant 0.58 in the above equation
assumes that soil organic carbon accounts for 58 % of soil
organic matter (Mann, 1986).

A5 pH

pH is a measure for the acidity and alkalinity of the soil. In
the HWSD, pH is measured in a soil-water solution. How-
ever, in SLCs, pH is measured in calcium chloride (CaCl2).
In STATSGO2, pH is measured in both ways. To keep the
consistency with HWSD, we use pH measured in H2O in
the UNASM. Miller and Kissel’s (2010) study demonstrated
that pH measured in H2O is significantly linearly related with
pH measured in CaCl2, only slightly diverging from the 1: 1
line. The depth-weighted average method was used to inter-
polate pH values of different layers into two standard layers
in the UNASM.

A6 Soil depth

Here soil depth is the maximum soil depth of each cell before
harmonization to standard layers. Maximum soil depth can
be used as the approximate measure of the depth-to-bedrock.
However, in the HWSD, the maximum soil depth is either
30 cm or 100 cm, which cannot represent the soil thickness
in most cells.
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