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Abstract

Soil scientists are being challenged to provide assessments of soil condition from local
through to global scales. A particular issue is the need for estimates of the stores and fluxes
in soils of water, carbon, nutrients, and solutes. This review outlines progress in the devel-
opment and testing of GlobalSoilMap—a digital soil map that aims to provide a fine-
resolution global grid of soil functional propertieswith estimates of their associated uncer-
tainties. A range of methods can be used to generate the fine-resolution spatial estimates
depending on the availability of existing soil surveys, environmental data, and point obser-
vations. The system has an explicit geometry for estimating point and block estimates of
soil properties continuously down the soil profile. This geometry is necessary to ensure
mass balance when stores and fluxes are computed. It also overcomes some limitations
with existing systems for characterizing soil variation with depth. GlobalSoilMap has been
designed to enable delivery of soil data viaWeb services. This review provides an overview
of the system's technical specifications including the minimum data set. Examples from
contrasting countries and environments are then presented to demonstrate the robust-
ness of the technical specifications. GlobalSoilMap provides the means for supplying soil
information in a format and resolution compatible with other fundamental data sets from
remote sensing, terrain analysis, and other systems formapping, monitoring, and forecast-
ing biophysical processes. The initial research phase of the core project is nearing com-
pletion and attention is now shifting toward establishing the institutional and governance
arrangements necessary to complete a full global coverage and maintaining the opera-
tional version of the GlobalSoilMap. This will be a grand and rewarding challenge for the
soil science profession in the coming years.

1. INTRODUCTION

There is a renewed awareness of the finite nature of the world’s soil

resources, growing concern about soil security, and significant uncertainties
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about the carrying capacity of the planet (FAO, 2012; Hartemink and

McBratney, 2008; UNEP, 2012). Soil scientists are being challenged to pro-

vide assessments of soil condition from local through to global scales

(Grunwald et al., 2011). However, only a few countries have the necessary

survey and monitoring programs to meet these new needs and global data

sets are out-of-date. A particular issue is the demand for estimates of the

stores and fluxes in soils of water, carbon, nutrients, and solutes. Conven-

tional systems for mapping and classifying soils were not designed for this

purpose. Instead, a global grid with estimates of soil functional properties

is required with the explicit geometry necessary for ensuring mass balance

when stores and fluxes are computed. The term “functional properties of

soils” is used here to refer to soil characteristics that can be used to estimate soil

qualities (sensu Dent and Young, 1981; FAO, 1976) or soil functions (sensu

Blum, 1993) relating to flows, transformations, and stores of materials

in soils.

This review summarizes progress toward development and testing of a

global grid of soil functional properties that can be accessed viaWeb services.

It describes solutions to several theoretical and practical problems along with

an overview of the system’s technical specifications. Examples from contra-

sting countries and environments are then presented to demonstrate the

robustness of the technical specifications. We begin with a consideration

of the general demand for soil information and then focus on why consistent

global soil information is needed.

2. INFORMATION FOR SOIL ASSESSMENT

The primary reasons for assessing soil and land resources are to know

what resources are present, what land uses are suitable, and how to manage

the soil to produce food and fiber, to secure water supplies, and to conserve

the ecosystem services that it delivers to all of us. This information is of most

value when it reduces risks in decision-making whether at the local,

regional, national, continental, or global scale (Bouma, 2002; Carré et al.,

2007a). Around the world, millions of people profitably use existing soil

information to either produce more food, protect environmental assets,

or both (e.g., Bouma, 1989; Ji and Peters, 2003; Srinivasan et al., 2010).

However, many more would benefit if they could easily obtain

up-to-date information on soil function in a wider range of formats along

with an estimate of its uncertainty. The latter is essential for understanding

and dealing with risk in decision-making.
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2.1. Mapping, modeling, and monitoring
Three important components of soil knowledge necessary for sustainable

land use and management are:

1. an understanding of spatial variations in soil function (e.g., maps and spa-

tial information)

2. an ability to detect and interpret soil-change with time (e.g., via mon-

itoring sites, long-term experiments, dynamic environmental proxies)

3. a capacity to forecast the likely future state of soils under specified systems

of land management and future climates (e.g., through the use of simu-

lation models)

This review deals with the first component. Mapping soil resources pro-

vides basic information on landscape attributes and it is essential for sound

planning and management at all scales. Mapping also provides a spatial

framework for monitoring (i.e., component 2 above) and supplies input

data for simulation models (i.e., component 3 above) (e.g., Lin et al.,

2005). Simulation modeling is important because it can be used to explore

how soil conditions may change in ways that other methods cannot. For

example, variations in climate might mask subtle but important changes

in soil health, and detection of a statistically significant change through field

measurement might be possible only over an impractically long period (i.e.,

50 years or more). At present, many simulation models have rudimentary

representations of soil processes partly because of the difficulty of obtaining

suitable input data. Model developers are likely to build more realistic

modules of soil processes if data on functional properties are more readily

available.

Our focus on the functional properties of soils is based on the recognition

that most practical questions relating to agricultural production, land degra-

dation, and environmental management require estimates of material flows

and transformations in soils. Of particular importance are the balances of

water (availability to plants, leaching, water-logging, run-off ), nutrients

(plant growth), carbon (sequestration of greenhouse gases, soil health),

solutes (salinization), and protons (e.g., acidification).

2.2. The new global imperative for soil science
There is a qualitative appreciation of the pressures on global soil resources

but limited consistent evidence on their condition and trajectories of

change. In short, the world’s soils need to support at least a 60% increase

in agricultural production between 2006 and 2050 to meet the projected
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growth in demand (FAO, 2012) but there appears to be serious constraints

that include:

• a finite supply of arable landwith suitable soils—the current and potential

area of such land is not defined with sufficient certainty at present and

strongly contrasting conclusions are being drawn (cf. Ausubel et al.,

2012; FAO, 2011)

• yield plateaux for major crops—the rate of yield increase in some staple

crops in some regions is slowing (van Wart et al., 2013) and soil con-

straints are a significant consideration

• increasing costs of energy, nutrients, and emissions—improvements in

farming systems and soil management practices are needed to conserve

nutrients, reduce emissions, and minimize reliance on fossil fuels

• soil degradation—the rates and distribution of threatening processes

(e.g., erosion, nutrient depletion, acidification, salinization, compaction)

are poorly characterized in most parts of the world but significant areas

are known to be degrading (FAO, 2011; Sonnerfeld and Dent, 2009).

The distribution, drivers, and remedies for these problems have to be

understood with much greater certainty

• water scarcity in key regions—water-use efficiency in agriculture is

determined in part by soil management. Again, the actual and potential

water use efficiency of agriculture systems is poorly characterized in

many parts of the world but substantial gains may be possible in some

regions (Molden, 2007; Wallace, 2000).

• climate change—current systems of land use are being disrupted by a

changing climate and new patterns of land use will emerge. The sustain-

ability of these systems will depend heavily on interactions between cli-

mate, soil, land management, genetic resources, and the policies that

enable or undermine them. An ability to track these changes and antic-

ipate consequences requires reliable information on climate change and

the character and distribution of soils among other factors.

The constraints and issues listed above are neither static nor evenly spread

around the world. They require careful analyses by technical specialists

and appropriate responses from international organizations, governments,

industries, and those managing the land. The data and information require-

ments for the analyses are substantial.

As noted earlier, soil data and information can be used for many purposes

from local through to national and global scales. For efficiency, the systems

of measurement and analysis need to be integrated across this hierarchy of

scales so that data collected at lower levels flow through to analyses at the
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higher levels. The dramatic advances in Web-based technology make this

integration of local, national, and global systems possible. However, data

and information have to be collected and managed according to consistent

standards to enable integrated analysis. Taking full advantage of the digital

revolution requires a significant shift within the soil science community

and a much stronger commitment to developing and adhering to standards

such as those outlined below and those that define the broader Global Earth

Observing System of Systems (GEOSS).1 The global grid of soil functional

properties described here fits into planning for an enduring international sys-

tem for observing and forecasting soil condition, which includes integration

with GEOSS (McKenzie, 2014).

2.3. Current map coverage
Building a consistent global soil data set has to start with a thorough under-

standing of the status of thousands of data sets collected during survey pro-

grams and other activities (collectively referred to as legacy data). Globally,

about two-thirds of countries have been mapped at cartographic scales of 1:1

million scale or more detailed, but over two-thirds of the total land area has

yet to be mapped even at a 1:1 million scale (Nachtergaele and Van Ranst,

2003). Most of the available mapping was completed more than two decades

ago, well before the widespread use of digital methods. The fact that most

spatial data on soils are “out-of-date” is a major issue for soil science that is

beyond the scope of this review.

There are great differences in the status of mapping (extent, scale, under-

lying measurement program) and this has to be accommodated in the design

of a global soil information system. Experience demonstrates that this diffi-

cult task can be done with perhaps the best example being the Soil Map of

the World by FAO–UNESCO, which was completed in the mid-1970s

(van Baren et al., 2000). This remarkable product, completed at the height

of the ColdWar, has been widely used for applications including assessment

of desertification, delineation of major agroecological zones, evaluation of

global land degradation, calculation of population supporting capacity,

and the creation of a World Reference Base for Soil Resources.

Several other global data sets have been built on the foundations of the

Soil Map of the World, the Harmonized World Soil Database (HWSD)

being the most recent example (FAO/IIASA/ISRIC/ISSCAS/JRC,

2012). The HWSD has been used in a wide range of global modeling studies

1 www.earthobservations.org/geoss.shtml.
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even though its spatial resolution is relatively coarse (1 km), uncertainties are

large and not quantified, and the data model is rudimentary (two-layer soil

with limited information on depths). The intensive use of the HWSD is a

clear signal to the soil science community that a concerted effort to build

an improved global grid will be very worthwhile.

2.4. Conventional concepts of soil survey and classification
Many of the concepts underlying conventional surveys reflect the necessity

at the time they were devised for manual methods of data analysis (for an

overview, see Dent and Young, 1981). Mapping relied heavily on air photo

interpretation, and there were various qualitative strategies for field sampling

that were efficient but without the rigor of statistical design (e.g., free survey,

land-system survey). Classification was central because it provided the

mechanism for summarizing vast quantities of soil morphological and ana-

lytical data and it also formed the basis for extrapolation. The cartographic

constraints of paper maps resulted in various conventions for depicting soil

variation within mapped polygons. For example, multiple soil types and

characteristic toposequences (often with estimates of areal extent) were listed

for each polygon but they were not geo-referenced with sufficient accuracy

to enable co-registration with other environmental data (e.g., terrain, land

cover, remote sensing).

A large literature has developed around the validity of assumptions under-

lying conventional survey including the presumption of high correlation

between soil properties, the spatial scales of soil property variation, and the

reality or otherwise of sharp soil boundaries. Heuvelink and Webster

(2001),McKenzie andGrundy (2008), andGallant et al. (2008) provide entry

points to this literature. The main drawbacks of polygon maps are as follows:

• They are static. The maps do not provide direct information on the

dynamics of soil condition (e.g., rates of nutrient depletion) whereas such

information is of great interest to farmers and policymakers.

• They are inflexible for quantitative studies. Such studies (e.g., food pro-

duction, land degradation, carbon balance, greenhouse gas emission)

generally require information on the soil’s functional properties rather

than a soil name.

• They imply that soil variation is abrupt and only occurs at the boundary

of the mapping units.

• Some information is lost on polygon maps. As noted above, the tradi-

tional map and report presents a highly summarized account of the soils
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of a region. The loss occurs because the reporting format requires infor-

mation to be condensed and data to be classified.

• The information is often presented at a specific scale that is seldom useful

for the particular question.

• The data model implicit in polygon maps is difficult to integrate with

most other forms of natural resource data that are grid based (e.g., satellite

imagery, digital elevation models, climate data).

2.5. Grids or polygons or both?
It is sometimes assumed that the problems of conventional survey can only

be resolved by moving to digital systems of spatial estimation that represent

individual soil properties on a fine-resolution grid. However, polygons

remain useful for conveying soil information for the following reasons.

• Many decisions on land use and management require the delineation of

areas with sharp boundaries either for legal or practical reasons (e.g.,

town planning, zoning decisions, layout of land-management systems).

• Soils are natural bodies of material associated with specific landforms or

landform elements, and in some landscapes, they are best delineated

using polygons because this accurately depicts physical reality (e.g., dis-

tinct sedimentary bodies such as alluvial terraces).

• There is educational value in being able to identify landscape units with

distinctive patterns of soil variation that reflect landscape evolution and

pedogenesis.

• Stratification of landscapes into zones with a similar evolutionary history

is also valuable for digital soil mapping because the relationships between

environmental covariates and soil properties are often conditional on this

history—the polygons can be used as a nominal environmental covariate.

Spatial information systems for polygons and grids are complementary and

both are needed from local through to global scales. There is reasonable

agreement on the design of hierarchical polygon systems at the national

and global level (van Engelen and Dijkshoorn, 2012). However, recent

attempts at building a consistent polygon-based system have struggled to

get the support and resources necessary to complete the global products.

While there have been decades of work devoted to methods for

polygon-based information systems, it is only recently that a significant effort

has been devoted to building operational grid-based systems. It is relatively

easy to produce a grid of soil properties using the vast array of tools available

for spatial analysis, but it is much harder to build analytical systems and

workflows for the routine production of grids that accurately represent
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the three-dimensional patterns of soil variation—Hengl (2012) provides one

of the few examples. The technical specifications forGlobalSoilMap outlined

here are a contribution to this much larger effort.

3. DIGITAL SOIL MAPPING AND ORIGINS OF
GlobalSoilMap

In the early 2000s, a new impetus was given to soil mapping when

statistical and mathematical techniques developed over the previous 30 years

started to be used for routine soil mapping (McBratney et al., 2003;

McKenzie et al., 2008). Most significant was the coming together of pedol-

ogy, with its focus on soil processes and field studies, and pedometrics, with

its emphasis on quantitative analysis and statistics. The emerging synthesis is

best represented by successive proceedings of the IUSS Working Group on

Digital Soil Mapping (Boettinger et al., 2010; Hartemink et al., 2008;

Lagacherie et al., 2007; Minasny et al., 2012). These meetings quickly

put debates over qualitative and quantitative approaches into context and

started to capitalize on some of the major advances in environmental sensing

and analysis (e.g., digital terrain analysis, airborne geophysical survey, time-

series remote sensing), proximal sensing of soils (e.g., Viscarra Rossel et al.,

2011), and environmental information systems.

The proposal for a new global grid of the most important soil functional

properties (initially, available water capacity) started with discussions at the

2nd Global Workshop on Digital Soil Mapping in Rio de Janeiro in 2006

(Hartemink et al., 2008). The idea quickly evolved and the GlobalSoilMap.

net Consortium was formed in December 2006. Sanchez et al. (2009) doc-

ument this early phase and recent summaries are given by Fisher (2012) and

Hempel et al. (2014). The Consortium and broader network associated with

the project includes universities, research centers, development organiza-

tions, government agencies, and private enterprises around the world.

The enthusiasm for the project was driven by the clear demand for a new

global coverage with accurate, up-to-date, and spatially referenced soil

information as expressed by the modeling community, farmers and land

users, and policy and decision makers (e.g., European Commission, 2006;

Hartemink and McBratney, 2008; UNEP, 2007).

Six key ideas have endured throughout the development of

GlobalSoilMap.

• The final product should provide a full global coverage and be based on

the best available data.
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• The spatial resolution of soil data has to match and be compatible with

other global environmental data sets relating to terrain, hydrology, land

cover, and land use.

• Soil functional properties relating to water, carbon and nutrients are the

priority.

• Every estimate for a soil property has to have an accompanying estimate

of uncertainty.

• An enduring and easy-to-update soil information system with online

access has to be built rather than a one-off product.

• The best available soil and environmental data have to be used to generate

the estimates and this must be done in a way that respects the sovereignty

of nations.

Another key issue in the design of the system was defining what primary or

ancillary data had to be included in GlobalSoilMap. For example, should (1)

soil profile data and environmental covariates used for generating the final

grid (e.g., terrain variables) be transferred into a central system or (2) just

the estimates of soil properties and their uncertainties provided by contrib-

uting organizations? The second option was preferred because it avoided the

development of an extremely large and potentially unmanageable central

database. More importantly, it affirmed the rights and responsibilities of

nations as custodians of information about their sovereign resources. As it

turned out, it also took advantage of the rapidly developing technology

for distributed spatial information systems. As a result, GlobalSoilMap is

designed to be a distributed system with a set of standards for Web services

and a supporting community of practice rather than a single database oper-

ated by a central agency. Aspects of the information architecture of

GlobalSoilMap are considered in later sections.

4. TECHNICAL SPECIFICATIONS OF GlobalSoilMap

The Technical Specifications of GlobalSoilMap are at the heart of the

venture (Arrouays et al., 2014; GlobalSoilMap Science Committee, 2013).

These have been developed over 5 years under the direction of the

GlobalSoilMap Science Committee. Here, we summarize some of the the-

oretical and technical issues encountered along with solutions. The latest

approved version outlines specifications for the estimation of soil properties

at points with defined depth intervals. The next version will also include

estimates for 100�100 m square blocks.
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4.1. Defining the soil individual
Most national soil information systems are hard to manage, in part because of

the complexity of the soil entities involved. As a result, database queries for

seemingly simple requests (e.g., what is the mass of carbon in the upper

0.30 m of the soil profile across a district?) are complex and often compu-

tationally slow because they normally involve calculation of depth-weighted

averages for one or more soil horizons and areal-weighted averages of poly-

gons for one or more soil types. Differences in the primary soil entity (some-

times referred to as a soil individual or operational taxonomic unit), both

within and between countries, make a significant problem even more dif-

ficult. We required an entity that avoided these problems. It also had to

• represent the complete landscape in every environment (i.e., no gaps);

• allow estimation of soil properties and their uncertainties according to a

common geometric framework for the globe regardless of the source

data (e.g., vastly different geometric supports, different systems of

nomenclature for horizons);

• provide a computationally efficient means for data base querying and

moving between scales.

We started with Holmgren’s (1988) critique of the soil individual in soil sci-

ence and several investigations into the use of mathematical functions for

representing soil variation down the soil profile, particularly the use of spline

functions (Bishop et al., 1999; Ponce-Hernandez et al., 1986; Webster,

1978). The key idea being that every grid cell would have fitted depth func-

tions for each soil property with the system storing the parameters for each

of these functions. The alternatives were to use either layers with fixed

intervals, or soil horizons with defined upper and lower boundaries, or a

combination of both.

In GlobalSoilMap, soil is referenced to a geographical point with a sub-

tended linear coordinate for locating layers below. The volume of the soil is

defined operationally depending on whether the estimate refers to a point or

block (see below). The procedures for sampling, measurement, and estima-

tion do not rely on any notion of a natural soil body (cf. the current defi-

nitions of the pedon and polypedon used in Soil Taxonomy or the various

schemes for defining horizons).

4.1.1 Depth function
Bishop et al. (1999) provide a comprehensive introduction to depth func-

tions and quadratic-smoothing splines, in particular. Malone et al. (2009)

applied the latter technique to digital soil mapping and more examples

103GlobalSoilMap: Toward a Fine-Resolution Global Grid of Soil Properties



are presented below. Software and guidance on the fitting of splines to soil

profile data are given by Jacquier and Seaton (2012). Kempen et al. (2011)

outline some alternative approaches for soils with sharp contrasts between

horizons; however, these can also be handled using splines but extra data

preparation is necessary (see Jacquier and Seaton, 2012). McKenzie et al.

(2004) illustrate the flexibility of the technique for representing the soil

chemical and physical properties of more than 100 diverse soil types. The

logic of the process is shown in Fig. 3.1.

Once depth functions have been estimated for all profile points in a

region, decisions still have to be made on what depth intervals to use and

whether to store the parameters of the function or estimates for finely

resolved layers (e.g., 10 mm layers). The latter option was initially thought

to be impractical because of the data storage requirements. However, cloud

computing and decreasing costs of computer memory are changing this. The

Technical Specifications currently require the fitting of functions to standard

soil profile data followed by estimation of soil properties for six standard

depths (Fig. 3.1). These estimates can be used to generate estimates with

a finer vertical resolution if required, again using the spline or some other

form of depth function.

The current and anticipated advantages of using depth functions are as

follows:

• they avoid the need to develop a single global system for describing soil

layers and profiles

• continuous values for a soil variable are produced from source data that

are often discontinuous down the profile

• national soil information systems are not disrupted because they do not

need to maintain national and international standards (as is currently the

case for soil classification)

• querying is computationally more efficient, particularly for calculations

of material quantities integrated over different depth intervals (e.g., car-

bon, available water capacity)

• quadratic-smoothing splines can be constrained to be mass-preserving

(see Bishop et al., 1999) and this eliminates a potential source of bias

in studies involving the computation of stores and fluxes where mass

balance must be preserved

• the representation of soil variation using a three-dimensional grid is read-

ily understood by those not familiar with soil science and is compatible

with data models used in allied disciplines (e.g., hydrology, atmospheric

sciences, terrain analysis, remote sensing).
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4.1.2 Pragmatic treatment of soil depth
Estimating the depth of soil is difficult because most soil survey data sets are

either censored (typically to 1 or 1.5 m depending on the equipment used

for field sampling) or it is difficult to consistently identify barriers to root

growth and the lower bounds of biological activity. The Technical Speci-

fications require the estimation of soil functional properties at standard

depths down to 2 m, unless the lower limit of the soil occurs at a shallower

Figure 3.1 The process for estimating depth functions from soil data relating to soil
layers or horizons. In this case, (A) soil data are available for three horizons. A quadratic-
smoothing spline is fitted (B) and this is constrained so that it is mass-preserving (the
hatched area above and below the function are of equal area for each of the original
horizons). The continuous function is then used to estimate the soil property at six stan-
dard depths (C) and these are the estimates that are stored (D). In the future, estimates
for finely resolved layers (e.g., 10 mm intervals) may be stored if computing resources
permit.
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depth. Estimates are also provided for total profile depth and plant exploit-

able depth, both of which may be greater than 2 m. Predictions of soil prop-

erties are not provided for grid cells occupied wholly or dominantly (>50%)

by nonsoil materials (e.g., permanent water and ice, bare rock, and perma-

nently sealed surfaces (urban areas and pavements)). No attempt is made

to specify the types or proportions of nonsoil materials in a grid cell. The

Technical Specifications include protocols for defining nonsoil areas.

The selection of 2 m is pragmatic and reflects arguments presented in the

USDA-NRCS Soil Survey Manual (Soil Survey Division Staff, 1993,

Chapter 2, page 3): “for purposes of most soil surveys, a practical lower limit

of a pedon is bedrock or a depth of about 2 m, whichever is shallower.

A depth of 2 m provides a good sample of major soil horizons, even in thick

soil. It includes much of the volume of soil penetrated by plant roots, and it

permits reliable observations of soil properties.” Where the source data are

censored at<2 m, it is necessary to infer values for the intervening values. As

a result, uncertainty will increase with depth in many areas.

Depth is measured from the soil surface. For mineral soils, the soil surface

is the top of the mineral soil. For organic soils (or mineral soils with an

O horizon), the top of any surface horizon identified as an O horizon is con-

sidered the soil surface. The soil surface is the top of the part of theO horizon

that is at least slightly decomposed. Fresh leaf or needle fall that has not

undergone observable decomposition is excluded when determining soil

depth. For soils with a cover of 80% or more rock fragments on the surface,

the depth is measured from the surface of the rock fragments (Soil Survey

Division Staff, 1993, Chapter 3, page 4).

Total profile depth is the depth in centimeters to a lithic or paralithic con-

tact. Depth to bedrock refers to the depth to fixed rock. Hard and soft bed-

rock are distinguished. Hard bedrock is usually indurated but may be

strongly cemented and excavation difficulty would be very high or higher.

Soft bedrock meets the consistence requirements for paralithic contact (Soil

Survey Division Staff, 1993, Chapter 6, page 13).

Plant exploitable depth is defined as “The lower limit of soil is normally the

lower limit of biologic activity, which generally coincides with the common

rooting depth of native perennial plants” (Soil Survey Staff, 1975; Soil

Survey Division Staff, 1993, Chapter 1, page 5).

Root depth is defined by either the evidence of the roots themselves or

on the presence of barriers to root extension. The first option requires rules

for root abundance to define the lower limit or inferences on the depth of

roots from soil morphology. Depths may differ between biomes as given in

106 Dominique Arrouays et al.



Table 3.1. Although logical, the approach is complex. The Technical Spec-

ifications have to be applied everywhere and not rely on complex accessory

data. The second option defines the depth of a relatively easy-rooting zone

from the soil surface to a root boundary. The boundary is defined by one or

more morphological barriers. These barriers include massive rock, jointed

rock, clean sand, pan, high-density material (bulk density>1.85), perma-

nent water table, extremely gravelly or densely packed gravel, and chemical

toxicity.

The extremely deep rooting ability of some perennial species in dry or

seasonally dry environments, where roots penetrate to great depth in jointed

rock, is noted and would not be recognized in option two. The choice of

option needs to consider the most likely application of the data in the region

concerned. If it is to map ecosystem behavior across different biomes then

option one is favored. If it is to explore opportunities for regional or global

food production then the agronomic depth provided on option 2 is favored.

4.2. Definition of the grid
The geographic reference for GlobalSoilMap is the 3 arc-second by 3 arc-

second grid exactly matching the global Shuttle Radar Topographic Mission

(SRTM) DEM data set but extended to the poles. Block estimates for

Table 3.1 Summary of maximum rooting depth by biome

Biome N
Mean maximum
rooting depth (m)

Highest value for
rooting depth (m)

Boreal Forest 6 2.0�0.3 3.3

Cropland 17 2.1�0.2 3.7

Desert 22 9.5�2.4 53

Sclerophyllous shrubland and forest 57 5.2�0.8 40

Temperate coniferous forest 17 3.9�0.4 7.5

Temperate deciduous forest 19 2.9�0.2 4.4

Temperate grassland 82 2.6�0.2 6.3

Tropical deciduous forest 5 3.7�0.5 4.7

Tropical evergreen forest 5 7.3�2.8 18

Tropical savanna 15 15.0�5.4 68

Tundra 8 0.5�0.1 0.9

After Canadell et al. (1996).
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100�100 m squares (see below) are located at the nodes of this grid. Terrain

data derived from NASA’s SRTM provide the source for several key

covariates used in predicting soil properties via a range of methods described

in Section 5. Details on projections, the horizontal and vertical datum, loca-

tion and tiling, unique identifiers, and reporting conventions are outlined in

the Technical Specifications. These facilitate seamless compilation and

ensure that there are no gaps, offsets, duplication, or edge-matching issues.

4.2.1 100 m resolution
The resolution of 100 m was one of the most debated aspects of

GlobalSoilMap. Arguments have been presented for both finer and a coarser

resolutions. However, the decision to match GlobalSoilMap with the reso-

lution of the SRTM terrain data recognized that in many parts of the world

the SRTM products are the only terrain data available to help with spatial

estimation.

The case for a finer resolution grid (e.g., 20 or 50 m) recognizes that

many landscapes have slopes with lengths of 200–500 m. A large proportion

of soil variation occurs along the associated toposequences so this has to be

differentiated. Realistic depiction of slopes and curvatures requires at least

five cells (e.g., crest, upper slope, mid-slope, lower slope, flat) so this implies

a resolution finer than 100 m in many landscapes (Gallant, 2001; Gallant and

Hutchinson, 2008). There is nothing to stop a country preparing its grid of

soil properties at a finer resolution (and this is already happening) but the key

requirement is to supply the 100 m resolution estimates forGlobalSoilMap to

ensure consistency.

A second argument for a resolution finer than 100 m is that aggregation

(up-scaling) is relatively simple, whereas downscaling is complex (e.g.,

Malone et al., 2012) so it is better to produce everything at the finest scale

possible at the outset.

The main case for a coarser resolution (e.g., 500–1000 m) is pragmatic

and opportunistic. Most environmental covariates are already available at

these resolutions, the computing requirements are more tractable, and so

product delivery can be achieved quickly. An example of this approach,

based partly on the Technical Specifications, is presented for Sub-Saharan

Africa by Hengl et al. (2013).

The second argument for a coarser resolution raises a more fundamental

issue. Many parts of the world only have reconnaissance-scale surveys (e.g.,

1:1 million cartographic scale), so generating a fine-resolution grid for these

areas is claimed to be misleading. This highlights a basic difference between
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conventional and digital approaches. Conventional surveys have used the

cartographic and mapping scale (the latter often being approximately four

times more detailed) as an integrating index of accuracy and precision. How-

ever, in digital soil mapping, each estimate for a soil property has an explicit

estimate of its uncertainty. As a consequence, a fine-resolution grid produced

from a 1:1 million source map would have estimates for each cell (possibly

based on a spatially weighted mean of the component soils) but each cell

would most likely have very large uncertainties for each of the soil properties.

In other words, the resolution of the cell (10m or 100 m) is not themeasure of

uncertainty—the grid provides the geometric framework for estimation and a

fine-grained grid does not imply that we have accurate and precise estimates.

While it takes time to change to this new way of thinking, the approach has

many scientific and technical advantages, particularly in quantitative studies

where the analysis of risk in decision-making is important.

4.2.2 Estimates for points and blocks
As noted earlier, the plan is to provide estimates for both points and

100�100 m blocks. In practice, the estimate of a soil property for both

the point and block will be the same (most commonly a simple arithmetic

average). However, the estimate of uncertainty will differ significantly. This

is because a large proportion of soil variation, especially for soil chemical

properties, occurs over short distances (often just a few meters). Some of

the methods for estimating the uncertainty for points and blocks are

outlined below.

The decision to calculate estimates using a 100 m square regardless of

latitude may seem clumsy because a correction factor for the actual area

of the cell on the SRTMgrid is needed for calculating areal quantities. How-

ever, the alternative of calculating estimates of uncertainty for a variable-

sized grid was considered to be more complex and harder to interpret.

The 100 m cells have a slight overlap at the Equator (3 arc-seconds is

approximately 93 m�93 m), and they have almost complete overlap at

the poles. The scheme is shown in Fig. 3.2.

5. MINIMUM DATA SET

5.1. Concept
There have been many proposals for standard data sets to be collected in soil

and land resource surveys. Agreement on the ideal or optimum data set is

rare, even for districts with a limited range of land uses. However, it is fairly
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straightforward to reach consensus on a minimum data set (Nix, 1984). The

minimum data set does not constrain countries to generate estimates of other

soil properties. Some countries are already producing estimates for other soil

properties that are relevant to their particular environment or systems of land

use (e.g., electrical conductivity for dry regions, total phosphorus and trace

elements in strongly weathered landscapes). A soil property such as electrical

conductivity is important across large areas on several continents; however,

including it in the minimum data set would have added an unnecessary cost

for the humid regions of the world.

The GlobalSoilMap specifications require the estimation of soil property

values along with their uncertainty and date of estimation at each of six spec-

ified depth increments for the soil properties listed in Table 3.2. These soil

Figure 3.2 The soil property values reported are averages for a 100�100 m square
located at the center point of the 3 arc-second grid; the uncertainty reported is the
90% prediction interval of this average. The diagram shows the situation for low lati-
tudes. At high latitudes, the squares overlap to a large degree. A correction factor is used
to calculate areal quantities.
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Table 3.2 The minimum data set for GlobalSoilMap
No. Property and units Precisiona Reference Description of method

Properties related to depth of soil

1 Depth to rock (cm) N3.0 Soil Survey Division Staff (1993),

Chapter 1, page 5

Depth in cm to a lithic or paralithic contact as

defined in USDA Soil Survey Manual. If depth

is <200 cm, record actual depth in cm. If depth

is>200 cm, record actual depth if known. If not

known exactly, record depth as 999 cm

2 Plant exploitable (effective)

depth (cm)

N3.0 Soil Survey Division Staff (1993),

Chapter 3, page 60

Effective depth in cm as defined in the USDA

Soil Survey Manual. The lower limit of soil is

normally the lower limit of biologic activity,

which generally coincides with the common

rooting depth of native perennial plants. This

depth is where root penetration is strongly

inhibited because of physical (including soil

moisture or temperature) and/or chemical

characteristics

Primary soil properties

3 Organic carbon (g kg�1) N4.0 ISO 10694 Mass fraction of carbon by weight in the

<2 mm soil material as determined by dry

combustion at 900 �C

4 pH�10 N3.0 ISO 10390 1:5 soil/water (divide by 10 to get correct pH)

5 Clay (g kg�1) N3.0 Burt (2004), page 347 <2 mmmass fraction of the<2 mm soil material

determined using the pipette method

6 Silt (g kg�1) N3.0 Burt (2004), page 347 2–50 mm mass fraction of the <2 mm soil

material determined using the pipette method

Continued



Table 3.2 The minimum data set for GlobalSoilMap—cont'd
No. Property and units Precision Reference Description of method

7 Sand (g kg�1) N3.0 Burt (2004), page 347 50 mm to 2 mmmass fraction of the<2 mm soil

material determined using the pipette method

8 Coarse fragments (m3 m�3) N3.0 Burt (2004), page 36 Volume fraction of the soil material >2 mm

9 ECEC (mmolc kg
�1) N4.0 ISO 11260 Cations extracted using barium chloride (BaCl2)

plus exchangeable HþAl

Derived soil properties

10 Bulk density (Mg m�3) N3.1 ISO 11272 Bulk density of the whole soil (including coarse

fragments) in mass per unit volume by a method

equivalent to the core method using a

pedotransfer function

11 Bulk density (Mg m�3) N3.1 ISO 11272 Bulk density of the fine earth fraction of the soil

(<2 mm) in mass per unit volume by a method

equivalent to the core method using a

pedotransfer function

12 Available water capacity

(mm—total over the depth

range)b

N4.0 GlobalSoilMap Science

Committee (2013), Burt (2004),

page 137

Available water capacity computed for each of

the specified depth increments using a specified

pedotransfer function that references the values

estimated above for organic carbon, sand, silt,

clay, and bulk density

Secondary soil property

13 Electrical conductivity

(mS m�1)

N4.1 Electrical conductivity in 1:1 saturated paste

aThe notation for precision (e.g., N3.0) is interpreted as N, number; 3, length of number; 0, number of decimal digits. Wherever possible, values are reported in integer
rather than real number formats to minimize data volume.
bAWC¼ f (total carbon, sand, silt, clay, % coarse fragments, bulk density) for the six depths. Profile-AWC is AWC summed over the effective depth.



properties are either directly related to soil hydrology, carbon cycling, or

nutrient status, or they can be used as inputs to pedotransfer functions that

can, with reasonable certainty, generate reliable estimates relevant to the

same processes (e.g., available water capacity, bulk density). At present, indi-

vidual countries have responsibility for the selection and use of pedotransfer

functions although a more general global system for soil inference is being

developed (Morris et al., 2012).

Definitions and methods of analysis for most of the soil properties are

according to ISO standards but particle size distribution is defined according

to the USDA Soil Survey Laboratory Methods Manual (Burt, 2004). Many

methods are used to measure the soil properties included in the minimum

data set (e.g., 80 methods for soil carbon and 18 for pH). All soil properties

are translated to a standard method and the Technical Specifications provide

guidance on how to do this. Units for properties are reported as integers to

reduce the cost of data storage and transmission (i.e., g kg�1 instead of %

and/or cm instead of m).

5.2. Time
The date of the actual or estimated time of sampling of the source data is

attached to each of the estimated soil properties at each grid cell. The date

reported is the year of publication for a map or the year of analysis for a sam-

pled soil profile.

The GlobalSoilMap project is making maximum use of legacy soils data

collected and reported over many decades of field work. Data for any point

or any map reflect the state of the soil at the time the point was sampled and

analyzed, or themapwas produced.A gridded date-mapwill bemade to indi-

cate the date (in years) that the soil property valuemost closely reflects. It may

be possible in future versions (beyond Version 2) to reconcile differences in

soil property values reported for different times and under different land uses

to one or more standardized reference dates (e.g., harmonized decadal values

at 1970, 1980, 1990, 2000, 2010) and under the land-use conditions current

at each date. This will first require that regional legacy soil data sets be ana-

lyzed to detect and quantify directions and rates of change in soil property

values under known land use and land-management regimes. These regional

values for rates of change under different land uses could be applied to the

original predictions of soil property values, in combination with information

on land-use history at each grid cell, to harmonize soil property values to

common reference years for each major regional land-use type.
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6. METHODS FOR ESTIMATING SOIL PROPERTIES
USING LEGACY DATA

Minasny and McBratney (2010) provide an introduction to the range

of methods available for global digital soil mapping and this section draws on

their account. They distinguish between circumstances where only existing

“legacy data” are available and circumstances where new survey and mea-

surement programs are planned.

6.1. Legacy data only
Figure 3.3 is a decision tree for methods in the case when only legacy data are

to be used for estimating soil attributes. The options are considered from the

most data-rich through to data-poor situations.

6.1.1 Detailed soil maps with legends and soil point data
This situation leads to the best prediction of soil properties. Soil properties

can be derived from both detailed soil maps (generally a cartographic scale of

Which soil data are available?

Define an area of interest

Detailed soil maps 
with legends 

Spatial disaggregation 
Spatially weighted mean 

Extrapolation from 
reference areas 
Spatially weighted mean 

Full cover? Homosoil 

Detailed soil maps  
with legends 

and soil point data 
Soil point data No data 

No  Yes  

scorpan
kriging 

Assemble environmental covariates

Soil maps: 
Spatially weighted 
mean 
Spatial disaggregation 
scorpan kriging

Extrapolation from 
reference areas: 

Soil maps 
Soil point data 

Full cover? 

No  Yes  

Increased uncertainty in prediction  

(depends on the quality of data and complexity of soil cover)

Assign quality of soil data and coverage in the covariate space 

Figure 3.3 A decision tree for digital soil mapping based on legacy data. Adapted from
Minasny and McBratney (2010).
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1:100 000 or more detailed) and soil point data (i.e., measurements down the

soil profile at a geo-referenced location). The available methods are

extracting soil properties from soil map using a spatially weighted measure

of central tendency (e.g., the mean), spatial disaggregation of soil maps,

scorpan kriging (see below), or a combination of these methods.

6.1.2 Soil point data
When sufficient soil point data are available, soil properties can be interpo-

lated and extrapolated to the whole area by using empirical statistical model-

ing. This is referred to as the scorpan approach and an example for Denmark is

provided by Adhikari et al. (2013). The approach can be extended to include

an explicit stochastic spatial component where the residuals from the corre-

lation model are modeled by variograms and a form of kriging. This is

referred to as either regression kriging, kriging with external drift, or scorpan

kriging (McBratney et al., 2003). Examples include Odeh et al. (1994, 1995)

and Hengl et al. (2004).

6.1.3 Detailed soil maps with legends
When only soil maps are available, soil properties can be extracted from soil

maps according to the distributional concepts underlying the soil-mapping

units. In some cases, it will be appropriate to estimate soil properties using an

area-weighted mean. An example for the United States is provided by

Odgers et al. (2012). However, in most circumstance, the original soil

map will have information on the factors controlling soil distribution within

an individual map unit. This is most commonly based on terrain (e.g., a

catena or characteristic toposequence). The widespread availability of

fine-resolution terrain variables now allows the soil properties to be

“disaggregated.” Examples of the approach are provided by Thompson

et al. (2010),Wei et al. (2010), Nauman et al. (2012), and Kerry et al. (2012).

An extension of this approach is to use reference areas where there is a

detailed understanding of soil distribution and this model is used as a basis

for extrapolation to a broader domain. This is effectively another form of

disaggregration and examples include Lagacherie et al. (2001), Bui and

Moran (2001, 2003) and Grinand et al. (2008).

6.1.4 No local data—homosoil
This approach is required when no detailed map or soil observations are

available in the region of interest (Mallavan et al., 2010). The method is

based on the assumed homology of soil forming factors between a reference
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area and the region of interest. In practice, data on climate, terrain, and par-

ent material are most commonly used because of its availability. This

approach involves seeking the smallest taxonomic distance of the scorpan fac-

tors between the region of interest and other reference areas (with soil data)

in the world. The rules calibrated in the reference area are applied in the

region of interest, realizing its limitations and extrapolation consequences.

6.2. Acquiring new data
The methods for estimating soil properties outlined above have been refined

over two decades of research into digital soil mapping. This has involved

experimentation with a wide range of geostatistical, data-mining, and

expert-based approaches across diverse landscapes. This collective experi-

ence has highlighted that the first step in generating digital soil data is to take

full advantage of the large quantities of legacy soil data that have been col-

lected during previous decades of soil and land resource survey. The second

step in building the global map of soil properties is to focus on a new phase of

soil survey using reasoned sampling and new measurement technologies.

6.2.1 Sampling
When resources are available for acquiring new data to improve spatial esti-

mates of soil properties, we need a reliable sampling design to determine

where new sampling units should be located. In most cases, it will be prof-

itable to include legacy data into the design process. However, the legacy

data available for a given area will have often been sampled at different times

and for various purposes. Bias is a significant issue with some areas being rel-

atively over- or under-sampled. The decision tree in Fig. 3.3 provides guid-

ance on how to proceed. The options are listed below starting with the case

where only a limited sampling program is required through to the case

where a major survey is necessary. More general reviews are provided by

Webster and Oliver (2007), de Gruijter et al. (2006), and Webster and

Lark (2013).

• Detailed soil maps with point soil observations: The hypercube evaluation

sampling method (Carré et al., 2007b) can be applied to inspect the cov-

erage of the scorpan variables. New sampling units are first placed in the

strata with no sampling units and considering the density of covariates, to

ensure that the hypercube is as maximally occupied as possible.

• Soil point data: The method of Brus and Heuvelink (2007) selects sites

that minimize the variance of universal kriging using simulated

annealing. This method assumes that the predictors are linearly related
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to the target variable and that the variogram of the residuals is known.

This method optimizes sampling in both predictor space and geographic

space. However, this method can be limited in practice as it assumes lin-

earity of the prediction function and knowledge of the residual

variogram.

• Detailed soil maps: Soil samples are needed to cover both representation of

the soil mapping units and scorpan variables. The conditioned Latin

hypercube sampling (cLHS) method (Minasny and McBratney, 2006)

can be used in this instance. cLHS attempts to cover the range of values

of each of the scorpan factors.

• No prior soil data: The Latin hypercube sampling method (Minasny and

McBratney, 2006) or fuzzy k-means clustering can be applied to cover

both the spatial coverage and scorpan variables. The fuzzy k-means

method (de Gruijter et al., 2008) classifies the scorpan variables into k clas-

ses, with k equal to the number of sampling units. The pixel with the

largest membership for each class is selected as the sampling unit.

6.2.2 New measurement technologies
Until recently, measurement technologies in soil survey were limited to

conventional morphological description, invasive techniques for specimen

collection, and expensive wet laboratory techniques. This has changed sig-

nificantly in the past decade due to the emergence of rapid measurement

technologies for the laboratory and field. Viscarra Rossel et al. (2011) pro-

vide a recent review. These technologies have the potential to revolutionize

soil survey, but before this can happen, research methods have to be made

operational and general agreement is then needed on standardized systems to

ensure the generation of harmonized data sets globally.

7. UNCERTAINTY

Heuvelink (2014) provides an account of the quantification of uncer-

tainty in GlobalSoilMap products. In the technical specifications for

GlobalSoilMap, uncertainty is defined as the 90% Prediction Interval (PI)

which reports the range of values within which the true value is expected

to occur 9 times out of 10, with a 1 out of 20 probability for each of the

two tails. Note that this does not necessarily imply that the PI is symmetric

around the predicted value.

The general framework for assessing and representing uncertainties in

environmental data provided by Brown (2004) has been followed.
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Heuvelink and Brown (2007) observed that “soil data are rarely certain or

‘error free’, and that these errors may be difficult to quantify in practice.”

Indeed, the quantification of error (defined here as a “departure from real-

ity”) implies that the “true” state of the environment is known. They

reported that “in recent years, a distinct spectrum of methods, not altogether

statistical, has emerged for dealing with situations of ‘imperfect knowledge’

in scientific research (see Ayyub, 2002 also).” A spectrum of methods for

uncertainty analysis is indeed important with due consideration of the

potential sources of uncertainty—namely, from inputs (observed data and

covariate information), model parameters, and model structure. Similarly,

methods of uncertainty analysis will vary on the basis of whether soil

point data or existing soil maps are used for producing outputs

(Section 6). Moreover, methods will also vary depending on the density

of point data as well.

When there are sufficiently many point observations, there are two gen-

eral approaches to assess the uncertainty of digital soil maps:

1. Statistical modeling (principally geostatistical models) of the soil proper-

ties directly. The uncertainty of predictions is generated from the model

as a byproduct. A typical example is kriging, where the kriging predic-

tions are used as predictions of the soil property of interest and where the

kriging standard deviation characterizes the prediction uncertainty, from

which PIs can be computed.

2. Statistical modeling (principally geostatistical models) of residuals from

independent data set or resampling techniques. This approach would

typically be used in case of an existing soil property map or when a soil

property map is produced using nonstatistical models. In such case, the

uncertainty of the map can be assessed by comparison of map predictions

with independent observations, either by calculating quality measures

such as the Mean Error and Root Mean Squared Error, or by

geostatistical modeling of the error (i.e., derive a variogram and krige

the difference between the map predictions and independent

observations).

Various methods for validation of soil maps have been reviewed by Brus

et al. (2011). Data splitting is often used. The main advantage of this method

is that it does not require new field work. A recent example on validation of

a soil map by data-splitting is given by Grinand et al. (2008). However, Brus

et al. (2011) stress that there is no guarantee of unbiased estimates. Another

option is cross-validation. In the leave-one-out cross-validation, for each

sampling location, the model is refitted leaving that location out of the

118 Dominique Arrouays et al.



calibration data set. Brus et al. (2011) showed that unbiased and valid esti-

mates of the quality measures can best be obtained by selecting additional test

units (measurements at point locations or pixels not used for calibration) by

probability sampling. Using this method, validation data are truly indepen-

dent from the predictions and yield unbiased estimates of validation mea-

sures. Furthermore, using probability sampling allows for the calculation

of the confidence limits associated with the validation measures and to test

whether a more elaborate or novel method produces more accurate results

than an existing approach. However, this requires additional field work, soil

analyses, and related costs.

An alternative method to estimate PI has been presented and described in

Malone et al. (2011). Here, uncertainty is treated as the probability distribu-

tion of the output model errors, which comprises all sources of uncertainty

(model structure, model parameters, and input data). And since it is esti-

mated through an empirical distribution, it is not necessary to make any

assumption about residuals (Solomatine and Shrestha, 2009). This method

is particularly useful when dealing with soil spatial prediction functions that

include data-mining tools or neural networks (as examples) in combination

with the regression kriging approach, where it would be difficult to use

other existing methods (of uncertainty analysis) to estimate uncertainty.

However, the approach of Malone et al. (2011) requires that there be a suf-

ficient number and density of point observations within any given predic-

tion area (e.g., 30 per class) to support a data-driven assessment of the

probability distribution function of a given soil property by class within

the geographic extent of the area of interest.

If sufficient information does not exist to support conventional statistical

analysis, the PI may be assessed by appropriate local or national experts using

formal expert elicitation procedures. Fuzzy logic (Cazemier et al., 2001) and

Bayesian beliefs (O’Hagan et al., 2006) have been proposed as suitable

frameworks for establishing estimates of uncertainty in the absence of suffi-

cient hard field data. Lilburne et al. (2009) presented a method based on

using expert knowledge to estimate the probability distribution function

in situations where there is insufficient information to support conventional

statistical analysis.

It is a goal of theGlobalSoilMap that all output products can be replicated

or reproduced, given access to the inputs used to generate them. Achieving

this reproducibility requires that each reported soil property has an associated

date and estimated uncertainty and full documentation of the methods used

to produce these values.
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8. INFORMATION ARCHITECTURE, WEB SERVICES,
AND APPLICATIONS

Web-based delivery of soil information requires a significant invest-

ment into the expertise and facilities for analyzing and managing large

and complex information resources. GlobalSoilMap is being developed

within the principles and practices developed by GEOSS. This provides a

logical framework for building and updatingGlobalSoilMap. It also provides

the vehicle for delivering soil information to a wide range of user groups.

Before this can occur, the soil science community has to build specific com-

ponents within the broad architecture provided by GEOSS.

An agreed data sharing format for soil information is a prerequisite.

Related disciplines have already developed these standards (e.g., WaterML

for hydrology). SoilML is such a standard and it is being developed by the

IUSS Working Group on Soil Information Standards. It will eventually

allow owners of soil data to publish via the Web in a way that maximizes

reuse of the data.

The second major task is to develop Web services forGlobalSoilMap and

related soil information. Web services deliver data encoded in XML format

and they enable the integration of data and modeling systems online. The

development of Web services for GlobalSoilMap is just starting and there

is enormous potential to integrate soil data with other online services

(e.g., systems for predicting crop yield; calculators to assess potential for car-

bon sequestration, input to hydrological modeling). An example of a soil

information application that relies on such Web services is SoilMapp.2

A third task for GlobalSoilMap is to gain agreement on which countries

and institutions host GlobalSoilMap and provide the computing infrastruc-

ture necessary to maintain the Web services. A single global database with-

out direct links to national or regional databases is not practical because

countries are the main providers of data. At the other extreme, a federated

international system with more than 190 nation states providing Web ser-

vices for their jurisdictions is also unlikely to be successful. The main prob-

lem being that many countries do not have the technical capacity and

infrastructure for providing updated soil information and reliable Web ser-

vices into the global system. A middle course is therefore necessary. It

requires a federated system with a mix of arrangements for delivering

2 www.csiro.au/soilmapp.
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Web services tailored to match the capabilities of individual countries or

groups of countries. In some parts of the world, good collaborative arrange-

ments will allow a leading country or institution to provide the soil infor-

mation system and services on behalf of several other countries. Such

arrangements already exist in some regions (e.g., the European Soil Data

Center3) or are being developed. The feasibility of the approach is demon-

strated by projects such as OneGeology4 where several agencies take respon-

sibility for managing the world portal for geological data.

The aim is to ensure soil data and information is freely available on the

Web and in a format that can be readily used for a wide range of purposes.

This availability will stimulate the use of soil information and result in many

new applications. The Web-based architecture will also create the opportu-

nity for new sources of soil data to be efficiently shared (e.g., from new

sensors such as infrared spectroscopy and in situ monitoring systems).

9. EXAMPLES

Here, we present several examples of GlobalSoilMap products from

around the world. Minasny et al. (2012) and Arrouays et al. (2014) provide

further examples alongwith abroader considerationofmethodological issues.

Figure 3.4 presents estimates of particle size for Denmark produced by

Adhikari et al. (2013). In this case, the estimates have been generated using

the scorpan approach based on a comprehensive set of point data (1958 soil

profiles). The Cubist data mining tool was used and environmental

covariates included the national soil map, digital terrain variables, geological

data, and land use.

Figure 3.5 presents estimates of percent silt at the 5–15 cm interval for

the district of Nabeul in Northern Tunisia. Estimates for the complete min-

imum data set at the six standard depths have been generated for the

2822 km2 study area. Linear regression, ordinary kriging, and regression

kriging were used to estimate spatial variation. The study area is sparsely

sampled and does not have a large range in silt content and short-range

variation is significant. As a consequence, only a small proportion of the var-

iation could be accounted for. The quantitative estimates of uncertainty pro-

vide a basis for a targeted sampling plan if more accurate and precise estimates

are required.

3 eusoils.jrc.ec.europa.eu.
4 www.onegeology.org.
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Figure 3.6 presents estimates of available water capacity for Korea. In this

case, the estimates havebeen derived fromdetailed soil seriesmapping available

for the complete country at a cartographic scale of 1:25,000. Each mapping

unit is assumed to be represented by a soil series and estimates of soil properties

were generated from the modal profiles for each soil class. Hong et al. (2012)

provide related examples for organic carbon and clay content based on the

Figure 3.4 Predicted clay content of Danish soils at the six standard depths (Adhikari
et al., 2013).
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Technical Specifications. Hong et al. (2013) outline the procedures employed

to estimate available water capacity using pedotransfer functions.

Figure 3.7 presents estimates of soil organic carbon for the United States

at the standard depth intervals and 100 m grid resolution (after Odgers et al.,

2012). These estimates have been derived from the State Soil Geographic

(STATSGO2) database based on the comprehensive and detailed county

soil surveys published by the United States Department of Agriculture Nat-

ural Resource Conservation Service. The estimates have been produced

using area-weighted means and work is underway to enhance these esti-

mates using spatial disaggregation within the individual map polygons

(e.g., Nauman and Thompson, 2014). Figure 3.7 includes estimates of

the standard deviation of organic carbon content. Figure 3.8 shows analo-

gous estimates for test areas in Canada. In this case, the source data come

from less-detailed land resource surveys.

Figure 3.9 presents initial estimates of pH for Nigeria produced by Odeh

et al. (2012). This example is based on sparse data and scorpan kriging. Esti-

mates of pH for upper (0–5 cm) and lower (100–200 cm) layers provide a

clear visualization of general trends in soil pH down the profile for the coun-

try. Odeh et al. (2012) provide estimates at each standard depth.

The examples provide static snapshots of GlobalSoilMap products. The

real power of the system will become evident when software interfaces to

the Web services have been completed that enable:

• flexible querying online (e.g., how much carbon is in the upper 0.5 or

1.0 m of the soil across a district?);
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Figure 3.5 Estimates of (A) silt content (%) and (B) the 95% confidence interval, for the
5–15 cm layer for 2822 km2 in the district of Nabeul in Northern Tunisia.
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• inference of soil functional properties (i.e., the soil properties are used to

estimate permeability or plant-available water capacity) via systems such

as SINFERS (Morris et al., 2012);

• Web services from GlobalSoilMap and other sources (e.g., from sensor

networks, monitoring systems, remote sensing) to be automatically

available to Web-based simulation models that provide forecasts and

analyses in near real time. The recent advances in water services (Salas

et al., 2012) provide an indication of the possibilities for applications

involving soil data.

Figure 3.6 Estimated available water capacity for Korea. After Hong et al. (2013).
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Figure 3.7 Maps of organic carbon content (left) and standard deviation of organic
carbon (right) generated by Odgers et al. (2012) in accord with the GlobalSoilMap
Technical Specifications.
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Figure 3.8 Maps of organic carbon content for test areas in Canada derived from less-detailed soil and land resource surveys compared to
Fig. 3.7.



10. TOWARD AN ENDURING GLOBAL SOIL
INFORMATION SYSTEM

The scientific and technical challenges ofGlobalSoilMap are substantial

but so too are the institutional aspects. Some of the institutional issues facing

GlobalSoilMap are an inevitable consequence of soil information institutions

in some parts of the world having limited experience in building collabora-

tive networks (e.g., compared to disciplines dealing with, for example,

climate, oceans and the geosciences). Other issues are a consequence of

the global disinvestment in agriculture sciences, and soil science, in partic-

ular, between 1980 and 2010. This is not the place for a detailed analysis of

such institutional matters. However, three matters deserve mention because

they will ultimately determine whether GlobalSoilMap can achieve its

desired comprehensive global coverage within the next decade.

10.1. Governance
Developing a global soil information system, with key components such as

GlobalSoilMap, requires some form of governance or set of institutional

agreements to establish standards, achieve quality control, and ensure

completion in a reasonable time frame and ongoing support. To date,

GlobalSoilMap has relied on voluntary mechanisms and the generous support

of a relatively small number of institutions, governments, and donor agencies.

A more formal mechanism is needed if the venture is to fulfill its potential.

Other disciplines have such mechanisms and they include United Nations

Figure 3.9 Estimates of pH according to the Technical Specifications for the upper
(0–5 cm) and lower (100–200 cm) layers across Nigeria.
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agencies (e.g., theWorldMeteorological Organization for weather, climate,

and water), various forms of multilateral arrangements (e.g., Future Earth),

formal committees (e.g., Committee for Earth Observation Systems for

remote sensing), and the broader arrangements through the Group on Earth

Observations. Governance structures are being developed through the

UnitedNations Food andAgricultureOrganization’sGlobal Soil Partnership

and its associated Intergovernmental Technical Panel on Soils (McKenzie,

2014). This is a promising development for soil science but it will take several

years before an assessment can be made on whether this provides an appro-

priate and robust governance mechanism for global soil information.

10.2. Mutual benefit
A second institutional challenge facingGlobalSoilMap and related ventures is

finding ways to ensure all participants obtain benefits. There are significant

costs associated with the delivery of data from national systems into the

global system. However, if managed well, the global program can generate

a range of benefits for participating countries and this provides the essential

incentive for engagement. Some of the primary benefits of being a partner

(rather than just a contributor) include the following:

• Adoption of standards for system design and Web-based delivery will

save costs and avoid duplication for each country.

• Adoption of data formats supported by the global system will provide

access to a range of third-party tools such as farming systems models,

hydrologic models, and other Web-based services.

• Participation in the broader international scientific and technical com-

munity generates benefits for each country through training, mentoring,

and capacity development.

• Countries are able to ensure that the international assessments of soil

health for their jurisdiction are based on the best available data rather

than outdated or incomplete data sets (as is often the case now).

• Better decision-making based on the knowledge of current and forecast

soil conditions.

10.3. Moving from research to operational implementation
GlobalSoilMap has provided a fertile research agenda for participating scien-

tists and their organizations (e.g., Arrouays et al., 2014). This research has

resolved many issues and identified new questions. However, a natural evo-

lution is occurring and the venture is moving from a primarily research phase
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into operational implementation. This brings with it a new set of tasks and

the need for some institutions to take responsibility for the long-term man-

agement of the operational system. New teams with different skills are

required and there has to be a shift in culture from risk taking (an essential

characteristic for a productive scientific organization) to risk aversion (an

essential characteristic of an operational agency providing highly reliable

information services 24 h a day). While there are many outstanding soil

research organizations around the world, the number of operational soil

information agencies has decreased in recent decades. This is a significant

issue that may constrain the implementation of GlobalSoilMap.

11. CONCLUSIONS

Unprecedented demands are being placed on the world’s soil

resources. Responding to these challenges requires reliable information

because we manage what we measure. The proof-of-concept studies for

GlobalSoilMap and the associated development of the technical specifications

have demonstrated how to integrate the best available data from local and

national sources and provided directions on how to deliver the information

online as part of the global Earth observing system. GlobalSoilMap provides

the means for supplying soil information in a format and resolution compat-

ible with other fundamental data sets from remote sensing, terrain analysis,

and other systems for mapping, monitoring, and forecasting biophysical pro-

cesses. Building the operational version ofGlobalSoilMap is a grand challenge

for soil science and its inauguration cannot come soon enough.
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