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ment to reduce costs and hurrying it to verify seques-
tration as it occurs.

Changes in soil carbon are typically not measur-
able from one year to the next because the change is
too small relative to the total carbon stock. Moreover,
such frequent measurements may prove unreliable be-
cause sequestration varies from year to year depend-

Figure 7.2 Layout of cores at a sampling site. Establishing permanent
NoboBslaHSWE crews to return years later to re-measure soil carbon and
calculate the change on each plot, which gives statistical power to the

e overall results for the project. Although most aspects of sampling
should remain constant from one measurement round to the next,
crews should extract soil cores at points displaced from those used
during prior sampling to ensure that the results are not influenced by
disturbances incurred by the sampling itself.

ing on the weather. The dynamics of soil carbon during
the first one to three years after a switch from plowing
to no-till farming are also poorly understood, and it
is unclear how quickly net sequestration begins. Given
current technology, costs, and annual variability in se-
questration, most project developers should probably
choose to measure soil carbon every five to 10 years for
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the first 10 to 15 years. Developers may plan further
measurements in later years, or they may simply moni-
tor a project to ensure that conditions are conducive
to maintaining sequestration, if they expect the soil
to store little additional carbon. Projects usually mea-
sure soil carbon shortly before they end, to determine
whether they have met their overall target.

A project’s measurement plan may call for a hy-
brid approach wherein quantifiers measure carbon
stocks for several years and then use the resulting data
in models to calculate changes in later years. Before
choosing a hybrid approach, project developers should
assure themselves that the needed modeling capacity is
available at an acceptable cost. Although leading soil
carbon models are available free of charge, paying peo-
ple with the expertise to run them may prove costly.

Designing a sampling system; conducting an initial
measurement of soil carbon within the project area;
measuring changes in soil carbon later; and paying
for laboratory costs, data analysis, and verification can
easily cost several tens of thousands of dollars. After
calculating the number of plots needed and setting a
schedule for remeasurement, developers may wish to
estimate the cost of all the quantification work over
the lifetime of the project to see if it is likely to detect
enough sequestration to be financially viable.

Developers may choose to monitor at more frequent
intervals to determine whether land managers have im-
plemented the promised activities and those activities
are yielding the anticipated sequestration rates. These

extra monitoring activities should specify perfor-
mance thresholds, such that if the thresholds are met,
the project is likely to be sequestering carbon accord-
ing to plan. A near miss might trigger further measure-
ments to better understand project conditions, whereas
a complete miss could trigger remedial action.

Thresholds may be quantitative rather than categor-
ical. Suppose a project plans to boost soil carbon by in-
creasing crop residue left on fields to 5 tons per acre.
Field crews weigh the residue on small, randomly lo-
cated plots. If the average mass is less than 5 tons per
acre, or if more than 10 percent of the plots have less
than 4 tons per acre, such a finding would trigger more
intensive measurements of residue and modeling of the
sequestration likely to result.

Quantifying Carbon in Samples

The most common techniques for analyzing the pro-
portion of soil that is carbon are based on measure-
ments of the emissions from the dry combustion of
soil samples. (This approach is quite similar to that de-
scribed in Chapter 6 for analyzing samples collected in
a forestry project.) Cores of a known volume are col-
lected, dried, and weighed. The weight is then divided
by the volume to yield soil bulk density.

To find the amount of carbon in the sample, labo-
ratory analysts first take a small subsample from each
core and measure its mass. They then oxidize (or burn)
the subsample at a very high temperature, using infra-

Modeling Future Changes in Carbon Stocks

Developers typically use modeling or extrapolation
from benchmark sites to estimate how much seques-
tration a project will produce before they embark on
it. However, developers may also use data collected
during the initial measurement of carbon stocks to
model potential sequestration and to check progress
during the project.

Developers need at least one modeling run for each
combination of conditions. For example, if the proj-
ect encompasses two different soil textures and crop-

ping regimes, they need to run the model for each
combination of soil type and cropping regime. Mod-
eling is typically done on a per-hectare or per-acre
basis and scaled up. Two user-friendly computer pro-
grams, the soil carbon tool of the Intergovernmental
Panel on Climate Change (IPCC) and the COMET
model (both available free online), quickly give a
scientifically based estimate of changes in soil car-
bon resulting from changes in land management. A
third soil carbon model, CENTURY, can make site-
specific predictions based on data from land manag-
ers, an initial measurement of soil carbon, and other
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sources. CENTURY has been widely validated and
is also available online at no cost. However, format-
ting data for use in this model, selecting factors for
the calculations, and assessing outputs requires sub-
stantial expertise. The information needed to oper-
ate the IPCC and COMET models includes soil tex-
ture, cropping regime, tillage practices, productivity,
and nutrient inputs, whereas the CENTURY model
also requires historic weather data from a nearby
location.

Assessing Uncertainty

Regardless of whether quantifiers use measurements
or models to determine changes in soil carbon, they
must assess the uncertainty in the calculated offsets.
Using site-specific information to better represent
actual carbon dynamics may yield more precise es-
timates, reducing uncertainty. Smaller uncertainty
ranges, in turn, may allow quantifiers to detect more
of the sequestered carbon with a high level of con-
fidence, thus producing more credited offsets and
gaining a higher price for the offsets.

Empirical measures of uncertainty are far better
than expert opinion. Studies have shown that peo-
ple often think their predictions are much more ac-
curate than they turn out to be.® Whereas an evalua-
tion of uncertainty based on actual measurements of
soil carbon stocks is fairly straightforward (see Ap-
pendix 3 on statistics), such an evaluation based on
models is more problematic. One approach to quan-
tifying the uncertainty of estimates by a model in-
volves finding the difference between modeled and
observed outcomes in a number of cases and using
that difference to calculate the standard deviation of
the model’s errors.

Some analysts use Monte Carlo analysis to esti-
mate uncertainty. Properly done, Monte Carlo analy-
sis examines variation in predicted outputs from
thousands of model runs, where the inputs for each
run are randomly selected from the possible range for
each input.” For example, suppose that a model uses
the amount of rainfall occurring each month as an
input, and the model is run with rainfall records for
a 25-year period. For each month, there are 25 pos-

sible values for the amount of rainfall for that month.
During each run of the model, for each month, the
Monte Carlo analysis would randomly select a year
and use that amount in the model run.

Using Monte Carlo modeling to estimate uncer-
tainty assumes that the model correctly represents
dynamics in the physical world. This assumption is
never totally correct; all models, by definition, are
simplifications. If the model represents the world
reasonably accurately, the modeled uncertainty will
be close to the observed uncertainty in the world.
If the model does not reliably depict the world, the
modeled uncertainty may be much smaller or larger
than the true uncertainty. Monte Carlo simulation is
appropriate for a complex model such as CENTURY.
The IPCC’s soil carbon tool and COMET do not al-
low enough variation in inputs for users to perform
Monte Carlo simulations. However, the COMET tool
does provide estimates of uncertainty by comparing
differences between modeled outputs and measure-
ments at benchmark sites.

Validating Model Estimates

Ifaproject will run for along time and quantifiers will
calculate soil carbon stocks more than twice, model-
ing can be very useful in determining whether initial
projections match what is occurring. Initial measure-
ments can be used as inputs to model runs, and pre-
dicted soil carbon values can be compared with those
observed during the second field measurement. If the
modeled and measured values match, users can have
much higher confidence in model projections of later
sequestration. If modeled and measured sequestra-
tion amounts do not match, project developers can
adjust projections of future sequestration. Only a few
sampling points, spanning the range of conditions
across the project area, need to be measured during
the second field measurement. Quantifiers can run
the model using information from these sites as a
check on the reliability of predictions for all sites.

Sensitivity analysis can be used to determine
which inputs have the greatest impact on outputs.
Quantifiers can then focus on obtaining more reli-
able data for those input variables.
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red gas absorption or gas chromatography to measure
the amount of CO, emitted. Analysts can convert this
amount to grams of carbon by dividing it by 3.667 (the
ratio of the mass of CO, to carbon). They can then find
the amount of carbon in soil per unit of area by divid-
ing this quantity by the mass of the subsample and mul-
tiplying it by the bulk density of the sample and depth
of the core (see Appendix 16). The amount of carbon se-
questered in soil is best expressed in tons per hectare.

This technique is extremely accurate if samples are
prepared properly and equipment is calibrated and
used correctly.® Crews must be careful to collect all soil
from sample cores and to exclude soil that is not from
the cores. If samples will not be processed for several
days, they should be refrigerated or frozen to slow de-
composition and loss of carbon.

To obtain an accurate reading of soil carbon, labora-
tory staft should thoroughly mix the entire soil sample
or preferably mill the entire sample except for roots or
other materials that are not classified as soil. At mini-
mum, it is essential to mill a subsample of soil to a very
fine texture and homogenize it. If such preparation is
insufficient, carbon numbers will be highly variable,
and quantifiers will not detect the modest amounts of
carbon that projects are likely to sequester. (Subsam-
ples typically weigh only a fraction of a gram, although
their weight may vary with their carbon content.)

If a significant proportion of the particles in the soil
are larger than 2 millimeters, analysts should grind
a sample of this material and test it for the presence
of carbon. If they find carbon, they should process 10
to 30 samples to see if such material contains a uni-
form percentage. If it does, they can use that percent-
age in evaluating the overall amount of carbon that
such material contributes to soil samples. If the car-
bon content in this material varies significantly, ana-
lysts should measure more samples until they find an
acceptably small standard of deviation. Porous rocks
such as sandstone and some volcanic rocks are particu-
larly likely to include carbon. Rocks with carbonates,
such as limestone, include inorganic carbon that will
produce CO, when combusted, so their presence would
require further analysis to distinguish organic from in-
organic carbon.

A number of universities operate high-quality ana-
lytical facilities and will analyze the amount of car-

bon in soil subsamples for a modest fee. A useful ap-
proach is to rely on a lab that analyzes samples jointly
with other labs and compares results. After chemical
analysis of soil subsamples, quantifiers should archive
remaining samples for reanalysis later, if necessary.

Determining the Change in Carbon Stocks

One might assume that the change in carbon stocks at
any specific site is simply the difference between the
mass of carbon per unit of area at the beginning of the
measurement period and the mass at the end. However,
if the bulk density of the soil changes over time, the cal-
culation process must account for this change. Failure
to do so can lead to errors that range from doubling ac-
tual sequestration to falsely concluding that the soil has
lost carbon when it has gained carbon (Gifford 2003).

Changes in bulk soil density usually reflect the fact
that soil has become more or less compacted. For ex-
ample, soil density usually rises for several years after
land managers switch from plowing to no-till farming.
That is because the soil collapses until soil aggregates
form and re-create the porous structure found in pro-
ductive soils with little disturbance. The height of the
soil surface usually changes along with bulk soil den-
sity: when soil compacts, the surface drops; when soil
becomes less compact, the surface rises.

When soil density increases, resampling to a given
depth captures more soil. The inverse is also true: if soil
density decreases, resampling to a given depth captures
less soil. For example, suppose that in project year 1,
crews sample soil to a depth of 20 centimeters. Further
suppose that over the next few years, the soil increases
in density (or compacts) by 10 percent, and the surface
drops. If resampling in year 10 also occurs to a depth
of 20 centimeters, it will capture about as much soil
as sampling to 22 centimeters would have captured in
year 1 (see Figure 7.3).

To account for this effect, quantifiers must calculate
bulk soil density for each sampling site each time they
measure carbon stocks. They can do so by separating
any rocks, roots, and other material larger than a speci-
fied size (such as 2 millimeters) from fine soil and then
consulting soil-sampling manuals on how to measure
the density of this material. This approach accounts for
the fact that samples taken at different times may in-
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resampling after subsidence
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additional amount
of soil collected
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Figure 7.3 The effect of changes in bulk soil density on the amount of soil sampled. Soil
density can change over time (for example because of compaction and subsidence) and often
changes in density are accompanied by changes in soil height. When soil density increases
(as illustrated here), resampling to a given depth captures more soil. The inverse is also true:
if soil density decreases, resampling to a given depth captures less soil. To account for this
effect, quantifiers must calculate bulk soil density each time they measure carbon stocks.

clude more or fewer rock fragments and roots. (Unbi-
ased measurement of the density of rocky soils requires
the use of more laborious pit sampling, as corers can-
not encompass large rocks and usually do not yield in-
tact cores when encountering them.)

To determine whether soil density has changed dur-
ing out-year sampling, field crews should extract an ex-
tra 5-centimeter portion of soil from the first few sites
(see Figure 7.4). For example, if the initial sampling in-

cluded soil to a depth of 20 centimeters, crews should
remove soil from a depth of 20 to 25 centimeters as a
separate sample.

Quantifiers then measure the density of several soil
samples taken at the original depth. If densities are
within 1 to 2 percent of remaining constant over time,
field crews may stop collecting the extra depth incre-
ments. However, they should not discard the samples
collected until the overall analysis is complete. If bulk
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density has changed, the change might be a fairly con-
stant percentage across sites, or it might occur only un-
der some conditions. Quantifiers may need to analyze
20 to 30 sites to discern a pattern. If they cannot detect
a pattern, crews should collect the extra depth incre-
ment at all sites. Quantifiers then use those depth in-
crements to correct for changes in bulk soil density (see
Appendix 16).

After calculating the change in carbon stock at
each sampling site and correcting for changes in bulk
density, quantifiers then calculate the change in car-
bon stock for each plot. Next, they calculate the mean

sample core

depth x

extra increment below core
used to measure carbon stock

Figure 7.4 Extra sampling to calculate soil bulk density,
Soil density can be obtained from the same cores used
to measure carbon content by extracting an extra 5-
centimeter portion of soil from the first few sites.

change in carbon per plot for all the plots analyzed.
If the project has only one stratum® and has installed
sampling sites randomly, then the average change in
carbon per plot is

Acavg = (z(czi_(j]i) /n Equation 7.3

where AC avg 18 the average amount of carbon gained,
Cl, is the amount of carbon observed on plot i at time 1,
C2; is the amount of carbon observed on plot i at time
2, and 7 is the number of plots. AC_, g will be in the
same units as C2; and CI,. As noted, quantifiers should
convert plot measurements to tons of carbon per hect-
are before performing this calculation.

The mean estimated change in carbon stock is the
average of the changes measured at each sampling plot
(in metric tons of carbon per hectare) times the num-
ber of hectares in the project:

Cseq=ACanxA Equation 7. 4

where C, g 18 the calculated amount of carbon seques-
tered over the project lands in metric tons of carbon,
AC,, g 1S the average of the changes per unit of area
measured at all plots (as metric tons per hectare), and
A is the number of hectares encompassed by the proj-
ect. Note that the mean estimated change is not the
amount of offsets credited to the project. The credited
offsets are equal to C_, o Mminus inadvertent emissions,
the baseline, the uncertainty or confidence interval,
and the leakage.!”

Calculations of total project sequestration are some-
what more complex if the project is stratified. In that
case, project sequestration is the sum of the amounts
of sequestration calculated for each stratum. Quanti-
fiers calculate sequestration for each stratum using the
method for a project without stratification.

Soil projects offer an opportunity for farmers and land
managers to participate in burgeoning carbon mar-
kets by making only minor adjustments to their nor-
mal practices, such as by switching to no-till farming.
With a moderate investment in labor and monitoring
equipment, landowners can realize extra profits while
taking steps to absorb greenhouse pollutants from the
atmosphere.





