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Executive Summary

Introduction

Mitigating climate change has become one of the
most important objectives for strategic sustainable
development. There is a clear and pressing need to
quantify the greenhouse-gas (GHG) footprint of all
human activities. The issue of the GHG status of
freshwater reservoirs (that is, assessing any
change in GHG emissions in a river basin resulting
from the creation of a freshwater reservoir) has
been raised in both scientific and policy fora.

To quantify any net change of GHG fluxes in a
river basin caused by the creation of a reservoir,
it is necessary to consider exchanges before and
after its construction. This creates a significant
problem because there has been no scientific
consensus on how to measure the GHG status
of freshwater reservoirs.

This lack of agreement has been obstructing
progress in decision-making on specific activities.
For example, scientific guidance is needed to
support the drawing up of national GHG
inventories; for methodologies (measurement and
predictive modelling) to establish the GHG
footprint of new water infrastructure projects;
and, to quantify more precisely the carbon offsets
of hydropower projects for GHG emission trading.
More generally, policy making on energy, water
and climate action is compromised by the current
lack of understanding. This has a global impact -
especially on planning in developing countries.

Despite strong efforts being made to improve the
assessment of the GHG status of reservoirs, there
are still many uncertainties. Specific problems
have been the lack of standard measurement
techniques; limited reliable information from
different sources; and the lack of standard tools
for assessing net GHG exchange from existing and
planned reservoirs. Consequently, more research
is needed to develop accurate estimates of the
GHG impact of freshwater reservoirs.

One consequence resulting from the existing
controversy over GHG emissions from freshwater
reservoirs is that hydropower projects with
reservoirs are currently being subjected to a
conservative Clean Development Mechanism
(CDM) methodology. The UNFCCC Executive Board
has noted that with the current scientific
uncertainties, simple criteria, based on a threshold
in terms of power density (installed power
generation capacity divided by the flooded surface
area), is being used to determine the eligibility of
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hydropower plants for CDM support. The
threshold has no scientific basis and effectively
excludes hydropower schemes with significant
freshwater reservoirs. (power density less than 4
W/m2) The decision was taken as a precautionary
measure, pending further clarification of reports in
the scientific literature on GHG emissions
associated with such reservoirs. This is but one
example of the clear need for a methodology to
estimate emissions from reservoirs. Adoption of
such a methodology would permit fair evaluation
of hydropower projects and enable reservoir
projects with low net GHG emissions to qualify for
the CDM.

The circumstances described above motivated the
International Hydropower Association (IHA) to
become involved in dialogue with the scientific
community. The UNESCO/IHA GHG Status of
Freshwater Reservoirs Research Project (the
UNESCO/IHA GHG Project), hosted by IHA in
collaboration with the International Hydrological
Programme (IHP) of UNESCO, aims to; improve
understanding of the impact of reservoirs on
natural GHG emissions, obtain a better
comprehension of the processes involved, and
help to overcome knowledge gaps.

Following several years of preliminary work, the
UNESCO/IHA GHG Project started in August 2008.
The objectives and outlines of the project were set
by two scientific workshops hosted by UNESCO (in
2006, in Paris, France and in 2007, in Foz do
lguagu, Brazil), as part of UNESCO IHP-VI 2002-
2007 work programme. These events were
followed by a meeting in Paris in January 2008
which finalised the state-of-the-art paper “Scoping
Paper: GHG Status of Freshwater Reservoirs” by
Tucci, C., et al., UNESCO/IHA; April 2008.

The main objectives of the UNESCO/IHA GHG
Project are to:

e develop, through a consensus-based, scientific
approach, detailed measurement guidance for
net GHG assessment; promote scientifically
rigorous field measurement campaigns, and
the evaluation of net emissions from a
representative set of freshwater reservoirs
throughout the world;

build a standardised, credible set of data from
these representative reservoirs;

develop predictive modelling tools to assess
the GHG status of unmonitored reservoirs and
potential sites for new reservoirs; and

develop guidance and assessment tools for
mitigation of GHG emissions for sites
vulnerable to high net emissions.
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The project has indeed benefitted from a

consensus-based, scientific approach, with
intensive international coverage, involving the
collaboration of numerous institutions. All

deliverables are reviewed by the Project’s peer
review group (UNESCO/IHA Forum, composed of
researchers, scientists and professionals from
more than 100 institutions.

As part of the effort to move these initiatives
forward, IHA has been in contact with the World
Bank, which shares many of the concerns outlined
above. This led to the current assignment under
the World Bank Contract (Ref 7150219), with the
following deliverables:

1. Guidelines for GHG measurements: it is
important that estimates should be based on
data collected with a consistent protocol,
underpinned by a sound understanding of the
science involved in GHG emissions. The
concepts and key parameters for such a
methodology are presented here, with a
specific field measurement protocol included in
the third component of this document.

A preliminary GHG assessment tool: a simple
decision-tree model is presented for analysis of
GHG emissions from freshwater reservoirs. This
classifies a reservoir as having “low”, “medium” or
“high” vulnerability to gross GHG emissions.

Proposal for CDM methodology revision: a
specific field measurement protocol is put
forward, together with a preliminary version of a
calculation manual. This is proposed as a basis
for hydropower methodology revision in the
Clean Development Mechanism (CDM), with the
objective of ensuring a fair, scientifically sound
treatment of storage hydropower as a
development option under CDM.

A glossary is also included.

The potential users of the products are water-
quality specialists, project developers, reservoir
owners/operators and government regulators.
Clearly, further development will be required to
enhance this work, and the World Bank is
requested to assist in the necessary funding of this
moving forwards.

Additional background information on the
UNESCO/IHA GHG Project is provided in
Appendix 2.

Summary of Individual
deliverables
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Deliverable 1: Guidelines for net
GHG measurements

This guidance is aiming at international
standardisation and objective measurements that
will ease comparison, transferability and global use
of data.

The objective of this deliverable (the Guidelines) is to
provide guidelines for international standardised
measurement procedures to assess net GHG
emissions from man-made freshwater reservoirs (the
GHG impact from the creation of freshwater
reservoirs), aiming to ensure objective assessments.
The Guidelines are applicable to all types of climate
and different reservoir conditions, presenting the
main concepts and description of processes involved
in performing these measurements, including:

General principles and data:

Introduction to the inland waters component of the
carbon cycle and to the generally available data.
Description of previous work. Introduction to the
main principles for taking GHG measurements from
reservoirs, including key processes and parameters,
stressing the importance of considering net
emissions, with the need for pre- and post-
impoundment assessments, including the role of
carbon and nutrient loading from the catchment,
from natural and unrelated human activities.

Spatial and temporal resolution

How seasonal changes in climate, reservoir
operations and carbon load may impact the
temporal resolution. Recommendations on where
and when to measure, including considerations of
vegetation and land use (pre- and post-
impoundment), hydrological and water-quality
issues, other anthropogenic activities and practical
issues like accessibility, safety and other indirect
implications that should be included when
designing the spatial resolution.

Methods and equipment

What to measure, how to measure and general
description of the main equipment, for measuring
carbon (carbon cycle), GHG emissions, carbon
storage in sediments, and physical and water-
quality parameters, highlighting advantages and
constraints. Detailed descriptions of the
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procedures and recommended equipment are
presented in the Field Manual (see Deliverable 3a).

Data analysis

Main concepts on how to calculate net emissions
resulting from the creation of a reservoir in a river
basin. Detailed guidance for calculations and
extrapolations, comparison of different
methodologies, uncertainty, quality assurance and
quality control are provided in the Calculation
Manual (see Deliverable 3b).

It is stressed that these Guidelines are intended to
be a living and dynamic document, to be regularly
updated. This will be achieved through the
ongoing UNESCO/IHA GHG Project.

Deliverable 2: Preliminary GHG
Assessment Tool

Present scientific knowledge does not allow the
development of a model capable of directly
estimating net GHG emissions (i.e., the GHG
impact from the creation of a freshwater
reservoir). This deliverable is therefore developed
as a Risk Assessment Tool for Reservoir
Vulnerability to Gross GHG Emissions (referred to
here as the Risk Assessment Tool). It is intended to
provide a first estimate of the likelihood of existing
or future reservoirs to have high gross GHG
emissions, as a first step towards the evaluation of
the net GHG emissions. The identification of high
vulnerability to gross GHG emissions should be
taken as a warning of the need for further studies
on the site, with detailed field monitoring to
determine the net GHG emissions of the reservoir.

The Risk Assessment Tool is a first, simple model
targeted at project developers, reservoir owners
or government agencies, to allow a quick
assessment of a potential site and to assess its
vulnerability to gross GHG emissions, in the
absence of site-specific measurement data. It can
also be applied as a tool for designing reservoir
field campaigns, with a view to sampling
representative reservoirs for data input into
further development of predictive models.

Due to the high level of uncertainty observed in
the available data, the Risk Assessment Tool
described here is presented as a prototype — a
first example of a simple model. It was developed
on the basis of theoretical knowledge obtained
from the available information on key parameters
and processes.

The Risk Assessment Tool applies a decision-tree
system to allow the relatively quick assessment of
the wvulnerability of a reservoir to gross GHG
emissions as “low”, “medium” or “high”, using
information obtained from key variables, such as:
carbon and nutrient load, water temperature, wind
speed and direction, rainfall, soil type, land use, and
reservoir characteristics (residence time, presence
of low level outlets, stratification of the reservoir
body, reservoir shape, water depth, reservoir age,
drawdown zone exposure, and biomass in the
reservoir and in the drawdown zone).

As this analysis is based on information from key
parameters (e.g. residence time, water
temperature, biomass, and others), it is important
to define “high,” “medium” and “low” levels not
only for the GHG emissions, but also for these
parameters. As the available data still do not allow
a proper estimation of these limits, the analysis
has been done in a qualitative way. When more
information becomes available, future versions of
this document can include more precise definitions
of the levels for the key parameters.

Decision trees to assess the vulnerability of
reservoir sites to gross methane (CH,;) and nitrous
oxide (N,0) emissions are presented as the main
elements in assessing the risks of GHG emissions.
The vulnerability of a site to carbon dioxide (CO,)
emission is not included in the model because CO,
emissions are potentially similar at the basin level,
for pre- and post-impoundment conditions,
although they may be influenced in time and space
by the creation of a reservoir.

It is important to stress that the results from the
present study have to be interpreted with caution,
as the complexity of the processes and limitations
in the data result in substantial uncertainties. As
more information becomes available, and more
indicators are included, the risk assessment tool
will be improved. It will be updated as experience
is gained in its application and the needs of users.
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Deliverable 3: Proposal for CDM
Methodology Revision

The CDM Executive Board has ruled that reservoir
storage hydropower projects must meet specified
power density thresholds. At present, the criterion
is that hydropower projects with power densities
less than or equal to 4 W/m2 cannot receive CDM
support. This criterion effectively excludes
reservoir storage hydropower from the CDM. An
exception to this is any project that can
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demonstrate through specific measurement GHG
emissions from the reservoir would be of a
relatively low level.

The Field Manual and the Calculation Manual were
developed based on the concepts presented in the
Guidelines presented in Deliverable 1. These
manuals describe what, when, where and how to
measure the relevant key parameters, and how to
estimate the net GHG emissions (the GHG impact
from the creation of freshwater reservoirs) from
these measurements.

The Field Manual and the Calculation Manual are
proposed as the basis for a CDM approach in a
revised “Approved Consolidated Methodology
002” (ACMO002) or a “new methodology”. It is
proposed that these manuals should provide the
means to directly measure and calculate net GHG
emissions of reservoir storage hydropower
projects currently excluded from the CDM.

This proposed methodology would allow a clear
approach to calculating emissions from reservoirs
and will include options for a standardised
approach to measurement and calculation in the
face of natural variability and data uncertainty. It
will enable reservoir hydropower projects with low
net GHG emissions to qualify for potential
admission to the CDM.

Part A: Field Manual

The Field Manual provides instructions on the field
methods and equipment necessary to estimate
GHG emissions, under pre- and post-impoundment
conditions. It gives qualified technicians and
scientists a protocol to make GHG emission
measurements in the field. More specifically, the
Field Manual includes instructions on how to
conduct GHG measurements in terrestrial (forest,
grass and peatland) and aquatic (wetland, lake,
river and reservoir) ecosystems in terms of GHG
emissions and carbon and nitrogen stocks.

This volume is a first complete version of the Field
Manual. 1t is considered a draft version because it
has not yet been submitted to the UNESCO/IHA
peer-review process, which may introduce further
enhancement. As with the other volumes, it will be
regularly updated, through the ongoing
UNESCO/IHA GHG Research Project.

Part B: Calculation Manual

The Calculation Manual presents the standard
procedures that are needed to calculate net GHG
emissions resulting from the creation of a reservoir
in a river basin. This manual is designed to be used

with the data obtained from the procedures
described in the companion Field Manual.

As the Calculation Manual is in an early draft

stage, the document provided constitutes a
framework and annotated list of contents,
describing the proposed format, objectives,

elements to be considered, and general structure.
More research is needed to complete this
document so that it can constitute a valuable
element for the development of a new
methodology for reservoir storage hydropower for
the CDM. Further refinement will be progressed
through the UNESCO/IHA GHG Project.

Next steps
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The initiatives of the UNESCO/IHA GHG Project
constitute a  pioneering step for the
standardisation of equipment and procedures for
an accurate evaluation of the net GHG impact of
freshwater reservoirs. These protocols can fill the
need for standard procedures, as they were
developed through a consensus-based approach,
and are ready for application in a range of
reservoirs, helping to obtain representative,
comparable and transferable data, and thus
allowing scientifically sound evaluation of the
‘GHG footprint’.

The project is reaching a stage where the
Measurement Guidance is available; several IHA
members have indicated willingness to conduct
field measurement campaigns. The next step is to
identify additional parties with reservoir sites to
complete a reasonable spectrum of reservoir types
and geographic locations.

As the UNESCO/IHA GHG Project has progressed,
the need to develop a capacity-building
programme has been identified, particularly in the
context of the developing world. This programme
would raise awareness on estimating the GHG risk
from reservoir projects, as well as specific
measurement training. Such training would ensure
a proper understanding and application of the
standard procedures developed wunder the
UNESCO/IHA GHG Project.

Next, it will be necessary to ensure that the
knowledge obtained from the application of the
proposed procedures can be applied to the
development of adequate predictive modelling
tools to assess the GHG status of unmonitored
reservoirs and potential sites for new reservoirs.
These tools, once validated, can be the basis for



Greenhouse gas emissions related to freshwater reservoirs: World Bank Report - January 2010

developing appropriate guidance on national GHG
inventories and to quantify carbon offsets for
emission trading, without the need for specific
field measurement campaigns.

The next steps will require funding to meet the
need for:

e Completion of the Field Manual and the
Calculation Manual;

Promotion of field measuring campaigns in
compliance with the proposed methodology;
Capacity-building programmes for such field
measurements;

Development of predictive modelling tools to
assess the GHG status of unmonitored
reservoirs and potential new reservoir sites;
Development of guidance for mitigation of
GHG emissions at vulnerable sites.

It is essential to continue the role of the
UNESCO/IHA Forum, including participation in
workshops and the peer-review process. This is a
time- and resource-intensive process, which is
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largely undertaken voluntarily. This could be
managed through the support of an independent
scientific and stakeholder advisory panel to ensure
participation in the Project. This would contribute
to reinforcing the strong, transparent, consistent
and ongoing peer-review process that the Project
requires.

The Field Manual and the Calculation Manual are
likely to have to be repackaged to fit CDM
requirements for requesting a revision to an

existing (or creating a new) monitoring
methodology. Time, cost, and availability of a
'vehicle' reservoir hydropower project will

determine the route taken. A successful result
would enable reservoir hydropower projects to
fully participate in the CDM.
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Summary

World Bank Contract 7150219

Deliverable 1: Guidelines on GHG Measurement

This document was developed by the International Hydropower Association (IHA) under the World Bank
Contract 7150219, to fulfil the requirements of Deliverable 1 of the contract terms: Guidelines for net GHG
measurements aiming at international standardisation and objective measurements that will ease
comparison, transferability and global use of data.

The objective of this document (the Guidelines) is to provide guidelines for internationally standardised
measurement procedures to assess net GHG emissions from man-made freshwater reservoirs (the GHG impact
from the creation of freshwater reservoirs), aiming to ensure objective assessments and to ease comparison,
transferability and the global use of data. The Guidelines are applicable to all types of climate and different
reservoir conditions, presenting the main concepts and description of processes involved in performing these
measurements, including:

General principles and data: Introduction to the inland waters component of the carbon cycle and to the
generally available data. Description of previous work. Introduction to the main principles, including key
processes and parameters, stressing the importance of considering net emissions, with the need for pre- and
post-impoundment assessments, including the role of carbon and nutrient loading from the catchment, from
natural and unrelated human activities.

Spatial and temporal resolution: How seasonal changes in climate, hydro-operations and carbon load may
impact the temporal resolution. Recommendations on where and when to measure, including considerations
of vegetation and land use (pre- and post-impoundment), hydrological and water quality issues, other
anthropogenic activities and practical issues like accessibility, safety and other indirect implications that should
be included when designing the spatial resolution.

Methods and equipment: What to measure, how to measure and general description of the main equipment,
for measuring carbon (carbon cycle), GHG emissions, carbon storage in sediments, and physical and water-
quality parameters, highlighting advantages and constraints. Detailed descriptions of the procedures and
recommended equipment are presented in the Field Manual.

Data analysis: Main concepts on how to calculate net emission resulting from the creation of a reservoir in a
river basin. Detailed guidance for calculations and extrapolations, comparison of different methodologies,
uncertainty, quality assurance and quality control are provided in the Calculation Manual.

It is stressed that these Guidelines are intended to be a living and dynamic document, to be regularly updated.
This will be achieved through the ongoing UNESCO/IHA GHG Research Project
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. Introduction

I.1. Background

The scoping paper “Assessment of the GHG status
of Freshwater Reservoirs” (Tucci, C., et al., 2008)
has been used as a key reference in the drafting of
this document as it is considered to represent the
state of the art on this subject.

According to UNESCO/IHA (2008), freshwater
reservoirs are used to regulate flow for many
purposes, including: water supply, irrigation,
flood mitigation, drought protection, navigation
and hydropower. Flux measurements above the
water surfaces of flooded land have indicated
that changes in the emission of carbon dioxide,
methane and nitrous oxide may occur at levels
that are relevant to inventories of greenhouse
gas (GHG) exchanges. Research suggests that
emission levels in cold and temperate climates
are generally low, but that high emissions may be
observed in some tropical systems with
persistent anoxia (e.g., Tremblay et al. 2005).
However, it is important to improve the available
information about the GHG status of existing and
new reservoirs and provide the tools needed to
support sound decision making on the mitigation
measures that may be necessary.

To quantify the net change of GHG exchange in a
river basin caused by the creation of a reservaoir, it
is necessary to consider exchanges before, during
and after the construction of the reservoir. The
difference between pre- and post-reservoir
emissions from the portion of the river basin
influenced by the reservoir will indicate the net
GHG emissions of the reservoir. In accordance with
IPCC (2006), the lifecycle assessment period for
net GHG emissions is 100 years. For the purpose of
this document, net lifecycle GHG emissions is taken
as a proxy for the carbon footprint of the reservoir.

Limited published data from tropical reservoirs
indicates that GHG emissions vary not only among
reservoirs, but also within each reservoir. This
variation may have many causes, including:
carbon/nutrient loading from the catchment;
temperature; oxygen concentration; type and
density of the flooded vegetation; aquatic flora
and fauna; residence time; wind speed; thermal
structure; reservoir topography and shape; and
water level.

I.2. Objective and Applicability of
the Guidelines

The objective of these Guidelines for net GHG
measurements aiming at international
standardisation and objective measurements that
will ease comparison, transferability and global use
of data (the Guidelines) is to provide guidance for
standardised measurements to assess net GHG
emissions associated with reservoirs".

The Guidelines are to be used to plan and conduct
measurement campaigns to estimate net GHG
emissions from freshwater reservoirs before and
after their construction, aiming to ensure objective
assessments and to ease  comparison,
transferability and the global use of data (subject
to rules of access). It aims to promote scientifically
sound evaluation of the GHG exchange due to the
construction of a freshwater reservoir.

Since 2008, UNESCO and the International
Hydropower Association have been hosting an
international research project, which aims to
improve understanding on the impact of reservoirs
on natural GHG emissions, obtaining a better
comprehension on the processes involved and
helping to overcome knowledge gaps. The overall
objective of the Project is to allow the evaluation
of the carbon footprint (net GHG emissions), due
to the construction of a freshwater reservoir
within a river basin, as well as the identification of
potential mitigation measures. The Project thus
aims to: develop, through a consensus-based,
scientific  approach, detailed measurement
guidance for net GHG assessment; promote
scientifically  rigourous field  measurement
campaigns, evaluating net emissions from a
representative set of freshwater reservoirs
throughout the world; build a standardised,
credible set of data from these representative
reservoirs; develop predictive modelling tools to
assess the GHG status of unmonitored reservoirs
and potential new reservoir sites; and develop
guidance and assessment tools for mitigation of
GHG emissions for vulnerable sites.

' The term “reservoir” is understood as defined in the

UNESCO/WMO International Glossary of Hydrology (1992):
“body of water, either natural or man-made, used for storage,
regulation and control of water resources”. This glossary is the
result of a comprehensive worldwide consultation of
hydrological experts. There is no global consensus that
“reservoirs” are necessarily man-made and, for this reason, the
expression “man-made” is included in the present document.
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As part of the UNESCO/IHA GHG Research Project,
it is intended that these Guidelines will be utilised
to assess GHG emissions in a sample of
representative sites worldwide. Data produced
from this initiative will assist in improving
predictive capacity on this issue. For vulnerable
sites potential mitigation measures can be
developed in the future.

These Guidelines are to be applicable world-wide,
for all types of climate and different reservoir
conditions, and for reservoirs of all types and
purposes. There are several different purposes of
freshwater reservoirs, but the GHG-related
processes are similar irrespective of the purpose.
An additional aspect is reservoirs which have low
level outlets (such as turbines, gates and valves)
that can exhibit the GHG pathway referred to as
degassing (see Section 11).

Measurements should include all three of the
identified GHG species:

e Carbon dioxide (CO,) - According to the
European Environmental Agency (EEA), CO,
emissions account for the largest share of
GHGs (equivalent to 80-85% of the emissions).

e Methane (CH;) - Emissions are of
importance, because reservoirs may create
the conditions under which CH, can be
produced and the global warming potential
of CH, is 21 times stronger than CO,
(UNFCCC, 100 year time horizon).

e Nitrous oxide (N,0) - There is insufficient
knowledge on N,O emissions to evaluate
their importance; however it should be
noted that the global warming potential of
N,O is 310 stronger than CO, (UNFCCC, 100
year time horizon).

An important issue is the identification of key
processes and parameters. Determining the
relative importance of the different processes
helps to identify the main drivers of GHG
emissions from reservoirs. Then attention can be
focused on the measurements of processes that
effectively control the emissions. UNESCO/IHA
(2008) identified key aspects of significant GHG
emissions. However, their importance has to be
tested under a comprehensive field measurement
programme, as proposed in these Guidelines. At
the end of this measurement programme, the
available data may justify a two tier approach in
the future:

e [1] assessments of key parameters to check if
there are likely to be significant emissions;

e [2] if so, more intensive monitoring to
quantify the net GHG emissions.

These Guidelines are being developed as a ‘living
document’. As further experience is gained, and
uncertainties are reduced, these Guidelines will be
updated and future versions will include newly
available information.

Il. General principles
and data

The main issues on the contribution, or potential
contribution, of reservoirs as sources of GHG are
the following:

e What is the GHG status of the river basin
before reservoir impoundment?

e What is the observed range of fluxes of
the major GHGs to and from the reservoir
and the portion of river basin influenced
by the reservoir?

e What is the observed storage of carbon in the
accumulating sediments and the net primary
production of the reservoir and the portion of
river basin influenced by the reservoir?

e What fraction of GHG fluxes and carbon
storage is a result of the construction of
the reservoir?

e If necessary, is it possible to reduce
(mitigate)  emissions  from  reservoirs,
including future projects?

The following sections present an introduction to
the inland waters component of the carbon cycle
and to the generally available data, including the
main principles, highlighting the existence of
several different approaches and stressing the
importance of considering net emissions, with the
need for pre- and post-impoundment
assessments, and the role of carbon and nutrient
loading from the catchment, from natural and
human activities.

I1.1. Previous Work

Cole et al. (2007) estimate that inland waters
annually receive, from a combination of
background and anthropogenically altered
sources, on the order of 1.9 Pg C/year from the
terrestrial landscape. Of this about 0.2 Pg C/year is
buried in aquatic sediments, at least 0.8 (possibly
much more) is returned to the atmosphere as gas
exchange, while the remaining 0.9 Pg C/year is
delivered to the oceans. Clearly, freshwater
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systems play a fundamental role in the natural
carbon cycle.

In the last decade, freshwater reservoirs have
been investigated as potential sources of CO, and
CH, emissions to the atmosphere, in boreal (Rudd
et al., 1993; Duchemin et al., 1995; Kelly et al.,
1997; Huttunen et al., 2002; Tremblay et al. 2005),
temperate (Therrien et al. 2005; Soumis et al.,
2004, Casper et al. 2000) and tropical (Keller and
Stallard, 1994; Rosa and Schaeffer, 1994; Galy-
Lacaux et al., 1997, 1999; Delmas et al., 2001;
Rosa et al., 2003; Abril et al., 2005; Sikar et al.
2005; Santos et al., 2006; Guerin et al. 2006;
Kemenes et al. 2007) regions. GHG emissions from
reservoirs at the global scale are subject to large
uncertainties, and there is an urgent need for
more observations and a better understanding of
the processes involved. Simulation models are
likely to play an important role in understanding
and analysing the changes in GHG emissions that
may occur due to the construction of a reservoir in
a river basin (UNESCO/IHA, 2008).

Limited work has been conducted to estimate the
significance of the net CO, balance of aquatic
ecosystems compared to the CO, balance of
terrestrial ecosystems at the basin scale. In some
temperate and tropical catchments, CO, emissions
from the aquatic ecosystems have been shown to
be close to balancing the CO, uptake by the
surrounding forest (Cole and Caraco, 2001; Richey
et al., 2002).

Flux measurements at the water-atmosphere or
land-atmosphere interface are often the only type
of measurements reported in the literature. Few
measurements of material transported into or out
of the reservoir have been reported, and few

studies have quantified carbon accumulation in
reservoir sediments (UNESCO/IHA, 2008).

Age of the reservoir is an important issue. Younger
reservoirs in the first years after impoundment
need more measurements to capture the changes
in emission rates and carbon stocks as the system
adjusts. In boreal and temperate conditions GHG
emissions have been observed to return to natural
levels in less than ten years after impoundment
(Tremblay, 2008). Further measurements (as
proposed in this document) should reveal how
quickly new reservoirs reach equilibrium under
tropical conditions.

Fluxes of CO, and CH, have been measured in a
limited number of boreal/temperate and tropical
reservoirs (Table 1). Gross CH4 emissions (see
Section 1.3 for definition) have been measured
from South American reservoirs including four
Amazonian sites (Balbina, Curua-Una, Samuel,
Tucurui), and additional sites in central and
southern Brazil (Barra Bonita, Carvalho, Corumba,
Funil, Furnas, Itaipu, ltumbira, L.C.B., Manso,
Mascarenhas de Moraes, Miranda, Ribeirdo das
Lajes, Serra da Mesa, Segredo, Trés Marias, Xingo).
Measurements are not available from reservoirs in
other regions of the tropics or subtropics except
for Gatum, Panama and Petit-Saut, French Guyana.

For most of the studied reservoirs, two GHG
pathways from the reservoir to the atmosphere
have been researched: ebullition and diffusive
fluxes from the surface of the reservoir. In
addition, studies at the Petit-Saut, Samuel and
Balbina reservoirs have investigated GHG
emissions downstream of the dam. Measurements
in boreal/temperate regions are available from
Canada, Finland, Iceland, Norway, Sweden and
USA (UNESCO/IHA, 2008.

Table 1: Range of average carbon dioxide and methane gross emissions from freshwater reservoirs.
Numbers in parentheses are the number of reservoirs studied for each gas and each GHG pathway (Source:

UNESCO/IHA, 2008).

GHG pathway Boreal & temperate Tropical
CO; CHa CO; CHa
mmol m* d* mmol m* d* mmolm®d*  mmolm?d*
Diffusive fluxes -23—145 (107)  -0.3—8 (56) -19—432 (15) 0.3—51 (14)
Bubbling 0 0—18 (4) 0 0—88 (12)
Degassing’ ~0.1(2) n.a. 4—23 (1) 4—30 (2)
River downstream’ n.a. n.a. 500—2500 (3) 2—350 (3)

"The downstream emissions (generally in Mg d™) have been attributed to the surface of the reservoir to be expressed in the

same units as the other fluxes (mmol m? d)
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II.2. Key Processes and Parameters

The identification of key processes and parameters
leads to a better understanding of the mechanisms
controlling GHG emissions associated with
reservoirs. The following sections describe the key
aspects of significant GHG emissions
(UNESCO/IHA, 2008).

I.2.1. Carbon Cycle in a Natural Catchment

In terrestrial ecosystems, the main source of
carbon is atmospheric CO,. The CO, is fixed by
plants during photosynthesis for the primary
production of organic matter (OM). A part of the
produced OM is either directly incorporated into
the soil organic matter (SOM) via processes
occurring in the rhizosphere or stored in the living
biomass until the plant decays.

CO, and CH, can be produced under oxic and
anoxic soil conditions. CH,; can be oxidised by
methanotrophic bacteria when diffusing from the
anoxic part of the soil to the oxic part.

In well-drained ‘upland’ soils, aerobic CH, oxidation
usually occurs (Conrad, 1989). In ‘lowland’ or flood-

plain soils, anoxic conditions may prevail and CH,
production may be higher than CH,; oxidation.
Therefore, these soils may act as a source of
atmospheric CH, (UNESCO/IHA, 2008).

Keppler et al. (2005) has reported that CH, could be
produced by plants in aerobic conditions. CH,; has
also been observed to be emitted from tropical
forests. The occurrence and the extent of these
processes remain unresolved (Houwelling et al.,
2006; Kirschbaum et al., 2006, Dueck et al., 2007).

According to UNESCO/IHA (2008), the carbon
(organic and inorganic) is transported within the
aquatic system of the river basin (river, lakes and
wetlands) by surface or subsurface runoff. The CO,
and the dissolved inorganic carbon are either
consumed for aquatic primary production or
follow the pathways indicated in Figures 1 and 2.
The CH, is either oxidised in the soil and water
column or emitted to the atmosphere. The OM,
previously stored in the soils, may be released as
CO, and CH,. The fraction that is not emitted is
either stored in the aquatic system or exported
downstream (Cole et al., 2007).

Upland soils

b/ ~

Lowland soils

'.".‘ ol R
“.C L‘,\':i.\.‘

== CO,
mmp CH,

:> Organic and inorganic carbon
¥\ carbon cycle in the aquatic ecosystem

Sediment

u (Organic matter mineralization, primary production, CH, oxidation...)

m Soil organic matter

Figure 1: Carbon dioxide and methane emissions from a natural catchment (adapted from concepts in

Conrad 1989 and Cole et al. 2007).
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Figure 2: General concept for all units in a GHG emission study (UNESCO/IHA, 2008)

11.2.2. Pathways in Reservoirs

According to UNESCO/IHA (2008), the source of
carbon for the CO, and CH, is derived from:

e OM imported from the catchment;

e  OM produced in the reservoir;

e decomposition of OM in plants and soils
flooded by the reservoir.

CO, is produced in oxic and anoxic conditions in
the water column, and in the flooded soils and
sediments of the reservoir and is consumed by
aquatic primary producers in the euphotic zone of
the reservoir. CH, is produced under anaerobic

conditions, primarily in the sediments; a portion
will be oxidised to CO, by methanotrophic bacteria
in the water and sediments under aerobic
conditions (Figure 3). Pathways for CH, and CO,
emissions to the atmosphere from reservoirs
include: (1) bubble fluxes (ebullition) from the
shallow water; (2) diffusive fluxes from the water
surface of the reservoir; (3) diffusion through plant
stems; (4) degassing just downstream of the
reservoir outlet(s); and (5) increased diffusive
fluxes along the river course downstream (Figure 3).

1. Bubbling 2. Diffusive flux

CH‘1 C02 CH‘l
t Ozgt

(o] ¢]
o

FLUVIAL OM
(POC, DOC)

Oxycline

FLOODED OM "
(soils, plant material, wood)

Methanogenesis
OM = CH, +CO,

3. Flux through macrophytes
CO, CH,

4, Degassing 5. Diffusive flux
CO, CH €O, CH,

778 VA

Aerobic CH4 oxidation
CH, +20, > CO, +2H,0

Figure 3: Carbon dioxide and methane pathways in a freshwater reservoir with an anoxic hypolimnion.
For reservoirs with a well-oxygenated water column, methane emissions through pathways (2), (4) and (5)

are reduced.
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1.2.3. N,O-Main Processes and Pathways

N,O is produced by both natural processes and
human-related activities. Primary human-related
sources of N,O are agricultural soil
management, animal-manure management,
sewage treatment, mobile and stationary
combustion of fossil fuel, adipic acid production
and nitric acid production. N,O is also produced
naturally from a wide variety of biological
sources in soil and water, particularly microbial
action in wet tropical forests (USEPA, 2009).

N,O is produced in soils by both nitrification and
denitrification reactions. Nitrification is an aerobic
microbial process that converts ammonium (NH,")
to nitrate (NO;) in the presence of oxygen. During
denitrification, nitrates are transformed into
nitrogen (N,). Denitrification requires anoxic
conditions, but denitrifying bacteria are facultative
anaerobes (Schlesinger, 1997; Hahn et al., 2000).

The higher N,O emission from tropical conditions
could reflect the influence of temperature on
nitrification and denitrification reactions, as well as
nitrogen availability, which is greater in tropical
than in boreal and temperate forests (Sitaula and
Bakken, 1993; Stange et al., 2000; Clein et al., 2002).

There are still significant uncertainties about the
contribution of the individual sources to
atmospheric N,O. Aquatic systems are considered
to be significant, but not the dominant sources of
atmospheric N,O (/IPCC, 1990). According to
Mengis et al. (1997), N,O concentrations seem to
be strongly correlated with O, concentrations in
lakes. In oxic waters below the mixed surface
layer, N,O concentrations usually increase with
decreasing O, concentrations. N,O is produced in
oxic epilimnia, in oxic hypolimnia and at oxic-
anoxic boundaries, either in the water or at the
sediment-water interface. It is consumed,
however, in completely anoxic layers. Anoxic
water layers were therefore N,0 undersaturated.
All studied lakes were sources for atmospheric
N,O, including those with anoxic, N,O
undersaturated hypolimnia. However, compared
to agriculture, lakes seem not to contribute
significantly to atmospheric N,O emissions
(Mengis et al., 1997).

Very few studies have measured N,O fluxes in
wetlands, for the simple reason that the water-
saturated and anoxic soils typical of these systems
offer particularly unfavourable conditions for N,0
production. The nitrification rate is quite low in
these systems because of very low oxygen
content, pH and nitrogen availability (Bridgham et

al., 2001). As for denitrification, it is often limited
by the lack of nitrates, a direct consequence of
slow nitrification rates (Regina et al., 1996).

11.2.4. Key Processes

UNESCO/IHA (2008) identified the following
aspects of GHG emissions.

Key processes influencing emission of GHGs to the
atmosphere include the following:

1. Processes supplying organic carbon to the
reservoir or its sediments:

a. inputs of OM via groundwater, streams,
transfer channels, tunnels rivers
(controlled by the discharge rate and the
concentrations of OM in the catchment);

b. net primary productivity of aquatic
macrophytes, periphyton and
phytoplankton growing in or on the water
or in the drawdown zone around the
reservoir, depending on the supply of
nutrients and light;

c. entrainment of terrestrial OM in living
plants, litter and soils during
impoundment;

d. erosion of soil in the reservoir shore zone
(adding OM to the reservoir and water bodies).

2. Processes producing conditions conducive to
the production of GHG compounds:

a. decomposition of flooded OM and the
various types of OM entering the
system, depending on the organisms
present, temperature, dissolved oxygen
and nutrients;

b. photo-oxidation of dissolved organic
carbon (DOC) (Soumis et al., 2007);

c. aerobic oxidation of CHy;

d. nitrification and de-nitrification.

3. Processes influencing the distribution of GHG
compounds within the reservoir:

a. mixing and transport processes that can
lead to the movement of CO, and CH, to
the surface;
withdrawal via spillways and outlets;

c. CH, oxidation within the water or
sediments, depending on the physical
stratification, dissolved oxygen, inhibition
by light, nutrient levels and temperature;

d. primary production in the euphotic zone
of the reservoir water column that
consumes CO, and depends mainly on
light and nutrient availability.
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4. Pathways for the GHG compounds to move
between the reservoir and downstream river,
and the atmosphere:

a. ebullition (bubbling);

b. diffusive gas exchange between the
atmosphere and the reservoir or
downstream river;

c. degassing immediately after water passes
through turbines and in spillways;

d. transport via aquatic plant stems.

11.2.5. Key Parameters

The identification of key parameters controlling
the emission processes can help to predict the
behaviour or the vulnerability of a reservoir to
elevated GHG emissions.

The key parameters that control the rates of GHG
emissions can be categorised as:

Primary parameters — Creating GHG stock

Parameters that modulate the rates of biological
processes such as OM production, respiration,
methanogenesis and CH, oxidation:

a. concentrations of dissolved oxygen;

b. water temperature;
OM storage, concentrations and C/N, C/P and
N/P ratios in water and in sediments;

d. supply of nutrients;

e. light (absence of turbidity);

f.  biomass of plants, algae, bacteria and animals
in the reservoir and in drawdown zone;

g. sedimentload;

h. stratification of the reservoir body.

Secondary parameters — Releasing GHG stock

Parameters that modulate gas exchange
between the atmosphere and the reservoir or
downstream river:

i. wind speed and direction;

water depth and changes in water depth;

. reductions in hydrostatic pressure as
water is released through low level outlets;

p. h. increased turbulence downstream of the
dam associated with ancillary structures, e.g.
spillways and weirs.

j.  reservoir shape;

k. c. rainfall;

| d. water current speeds;
m. e. water temperatures;
n. f.

0. 8

Most of these parameters and processes must be
placed in a geographic and temporal context and
need to be expressed on an areal basis. Therefore,
it is necessary to have accurate information on the

areal extent of the upland catchment and its land
cover and land uses, the temporally varying areal
extent of aquatic habitats within the reservoir and
downstream river, and the bathymetry of the
reservoir. Information on the terrestrial carbon
stocks present in the area before impoundment
and on the net emissions of GHG’s from the
original ecosystem is also necessary.

II.3. The Importance of Considering
Net Emissions

Net GHG emissions from man-made freshwater
reservoirs are defined here as the GHG impact
from the creation of these reservoirs. As net GHG
emissions cannot be measured directly, it is
necessary to estimate their value by assessing
gross GHG emissions in the whole affected area,
comparing the values for pre- and post-
impoundment conditions.

11.3.1. Definition of Net Emissions

To define the magnitude of GHG fluxes for a given
reservoir, it is necessary to assess and calculate
both gross and net GHG emissions. According to
Varfalvy (2005), gross emissions are those
measured at the water-air surface, while net
reservoir emissions are gross emissions minus pre-
impoundment natural emissions (both terrestrial
and aquatic ecosystems) at the whole basin level,
including upstream, downstream and estuary.
Also, emissions due to the above-water decay of
trees killed in the reservoir, and where the water
table is elevated along the shoreline, have to be
accounted for, as well as emissions from concrete,
steel, fuel, and others during the construction
phase (even when they are not considered to be
important for the whole life cycle of the reservoir).
However, emissions associated with land use
change (including deforestation, agricultural
practices, and urbanisation) have to be
approached with care, as they are not always a
direct consequence of the dam construction.

Consequently, to quantify the net GHG emissions
from a reservaoir, it is necessary to study emissions
before, during and after the construction of the
reservoir. The concept adopted in the present
document is that true net GHG emissions are
obtained by the difference between pre- and post-
reservoir emissions from the whole river basin.
Because emissions from the construction phase
also have to be considered, a methodology for that
will be included in future editions of these
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Guidelines. The study period of emissions should
be calculated as 100 years (UNFCCC; IPCC, 2006).

Despite the scarcity of data in the scientific
literature on net GHG assessments from
freshwater reservoirs, the results presented on the
Petit Saut reservoir by Delmas et al. (2001) and
estimates made using stable isotope data for the
Robert-Bourassa reservoir (Tremblay et al., 2005)
suggest that net GHG emissions can be about 25%
to 50% less than gross GHG emissions, on a 100
year basis.

The importance of reliable estimates of net GHG
emissions from freshwater reservoirs stresses the
need for pre- and post-impoundment
assessments, including the role of carbon and
nutrient loading from the catchment, from natural
and unrelated human activities.

11.3.2. Measurement of Gross Emissions

Meteorological instrumentation is routinely used
to measure and record wind speed and direction,
air temperature, rainfall, and incoming solar
radiation. For measurements within reservoirs,
thermistors, current meters, lagrangian GPS
drifters and oxygen sensors are available.
Concentrations of dissolved and particulate OM
and nutrients are determined from laboratory
analyses on samples collected from the reservaoir,
from inflow from the catchment and from the
downstream river. Hydrological measurements of
discharge and water depth are performed with
current meters and pressure transducers or stage
gauges (UNESCO/IHA, 2008).

Carbon loading occurs through internal inputs
from the primary production of flooded soil and
plant biomass, and through external loading from
rivers, streams, and subsurface inflow.
Measurement of primary productivity requires
sequential biomass measurements of woody and
herbaceous vegetation growing in the reservoir,
and of uptake of dissolved inorganic carbon or
evolution of oxygen by algae. The biomass of
macrophytes growing in the reservoir is
determined by direct sampling. Carbon included in
the flooded soils and in the plant biomass can be
measured directly or estimated using databases
such as those at the Carbon Dioxide Information
Analysis Center (CDIAC). External loads are the
product of water discharge rate and the
concentration of dissolved and particulate organic
carbon (UNESCO/IHA, 2008).

CH, and CO, production rates during the
mineralisation of these different pools of OM can be
measured by incubation in anoxic conditions. In

natural lake sediments, the degradation rates of
OM and the resulting CO, and CH, benthic fluxes
can be obtained by vertical profiles in sediment
pore waters or from benthic chamber experiments.
The sampling of OM in the flooded and interstitial
water can be difficult due to the presence of plant
and tree material, precluding the use of box cores
and benthic chambers. If this is the case, an in vitro
approach can be used. Samples of soils and
vegetation similar to those which were flooded are
retrieved from the river basin and are incubated
with water in anoxic conditions. CO, and CH,
potential production rates are then followed over
time. Measurements of CO, production under
aerobic conditions are also required for the
estimation of heterotrophic respiration in the
epilimnion of the reservoir and in the river
downstream of the dam (UNESCO/IHA, 2008).

In aquatic ecosystems, aerobic CH, oxidation is an
important factor controlling CH, fluxes to the
atmosphere. This process has a significant impact
on the balance between CH, and CO, emissions.
The extent of this process is determined by the
incubation of samples from the reservoir
epilimnion and  the river  downstream
(UNESCO/IHA, 2008).

1.3.3. Change in Storage in the Reservoir

Most reservoirs act as sediment traps, and by
accumulating carbon in the sediments they can trap
a significant amount of carbon. To derive a correct
estimate of the amount of trapped carbon it must
be recognised that part of the sediment that is
trapped in the reservoir may previously have been
carried to the ocean and deposited in marine
sediments. Sediments can also provide anoxic
conditions leading to CH, production. The total flux
of carbon between the reservoir sediments and the
atmosphere through the water body must be
assessed. If possible, these fluxes should be
measured. They can also be calculated as the
difference between measurements of carbon input
and output. Such calculations must be done with
careful attention to the primary production in the
reservoir and internal carbon turnover, as this can
contribute significantly to the understanding of both
sequestration in the sediments and carbon output
(UNESCO/IHA, 2008).

I1.3.4. Output from the Reservoir

According to UNESCO/IHA (2008), diffusive CO,
and CH, fluxes at the air-water interface of the
reservoir, and the river below a reservoir outlet,
can be determined using floating chambers. It can
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also be calculated, based on the partial pressure
gradient at the air-water interface and an
exchange coefficient that depends on wind speed,
water current speed, rainfall, and temperature
gradients at the air-water interface. CH, fluxes
through the vegetation and CO, exchanges by
plants can be measured with transparent or dark
chambers. CH, bubble fluxes from the reservoir
are determined using inverted funnels coupled to
gas collectors initially filled with water. Bubble
fluxes mainly occur in shallow parts of reservoirs
where the hydrostatic pressure is not sufficiently
high to dissolve CH, in the interstitial water. Since
ebullition is episodic, it can be difficult to quantify
it accurately. However, this disadvantage can be
overcome by the use of appropriate measurement
methods. It is important to extend sampling over
long periods (days, weeks) in order to quantify it
accurately. The inverted-funnel method can
provide good accuracy due to the physical
dependence of bubble-carried fluxes on depth.
The funnels collect only the gas carried by bubbles
because the gas concentration increase due to
diffusion is too low when compared with the gas
concentration inside bubbles. Thereafter an
ensemble of funnels placed at the same depth can
provide good sampling of random bubbles because
of the enlargement of the collection area and
subsequent integration of the samples.

Degassing downstream of the dam has been
estimated as the difference between the gas
concentration up- and downstream of the
reservoir outlet, multiplied by the outlet’s
discharge. If available, the gas concentrations
should be sampled from ports within the conduits
leading to the outlets. The surface and the vertical
profiles of CH, and CO, concentrations can be
determined by the headspace method followed by
gas chromatographic analysis.

In addition to downstream degassing of CO, and
CH,, dissolved and particulate organic carbon and
dissolved CO, and CH, are discharged through the
dam and transported away by the river. This
output has been calculated as the product of the
water discharge rate and the concentration of
dissolved gases and of particulate and dissolved
OM. However, for this calculation, CO, and CH,
emissions, CO, production through river
respiration of the OM produced in the reservoir, as
well as CH, oxidation to CO, have to be considered
in relation to the pre-impoundment conditions.
This is necessary to properly quantify the
atmospheric emissions through this pathway and
the export of OM downstream of the reservoir.

11.3.5. Pre-Impoundment Measurements

This section provides guidance on the parameters
that need to be considered and on when to
measure or to estimate the conditions of the
catchment in the pre-impoundment state. The
main concepts and equipment available for
measuring these parameters are described in
Chapter IV (Methods and Equipment).

If the impoundment is already in place, literature
and/or measurements at reference sites may be
useful. When using reference sites, measurements
should be made in the catchment at
representative sites for all relevant land- and
water-uses with a sufficiently precise time
resolution to reveal seasonal changes.

Year-to-year variations should be covered by
sampling over several years, and comparable
locations should be used for pre- and post-
impoundment measurements.

The measurements should represent the whole
catchment, including contributing land areas, the
upstream river system and the reach downstream
of the reservoir. Measurements must cover
seasonal variations in GHG status of reservoirs,
including climate, rainfall, runoff, biomass
production, biomass degradation, land-use
operation or other important factors impacting on
the carbon and hydrological cycle.

High resolution topographic maps of the
headwater catchments and aquatic systems are
critical.  All significant terrestrial and aquatic
habitats should be mapped and their area and
distribution recorded in a geographic information
system (GIS). Aerial photography and/or satellite
imagery should be used and the resulting maps
validated with field observations. These data will
serve as the foundation for calculations of GHG
emissions and carbon budgets.

This mapping and the definition of both
terrestrial and aquatic habitats (percentage of
surface area cover), forms the basis of the
subsequent characterisation of these habitats in
terms of GHG emissions and carbon budget. The
sampling effort must take into consideration the
variation in regional climate (wet season, dry
season, transition period, winter, summer), the
area covered by each type of habitat with the
number of samples reflecting the natural
variability of the parameter measured and the
technique used.

In some reservoirs, emission downstream of the
outlet can be an important component of the annual
budget. GHG emissions must be monitored carefully
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along the part of the river that will be situated
downstream of the future outlet(s), to provide a clear
reference state for this part of the river.

GHG emissions on a given pre-impoundment site
are ideally assessed in three steps:

e Determine the spatial variability of
parameters, which are likely to influence GHG
emissions, e.g., ecosystem type, the soil
carbon (and nitrogen) content, and the soil
moisture.

e Determine GHG emissions in each vegetation
type under a range of climatic conditions.

e Extrapolate the experimentally measured
fluxes to the scale of the area to be
impounded. This is done by using the
parameterisation obtained in the different
ecosystems and environmental conditions. If
part of the studied area has not been
sampled, parameterisations published in the
literature might be used. Mapping of the
fluxes at the scale of the studied area can be
done by coupling the parameterisations with
the forcing parameters (ecosystem,
temperature, soil moisture...) measured in-situ
or deduced by remote sensing. The spatial
scaling-up needs to be performed in
contrasting climate conditions, if applicable.

e Finally, GHG emissions need to be converted
to CO,-equivalent emissions by using the GWP
of CH, and N,0.

11.3.5.1. Catchment/Reservoir - Terrestrial

Pre-impoundment inputs from the contributing
areas should be determined before reservoir
construction, but may be measured after the
construction of a reservoir if the post-
impoundment upstream catchment has not been
changed from the pre-impoundment conditions.

Measurements of the following parameters
are relevant:

e Carbon loading from the catchment
» OM concentrations and runoff;
> litterfall that enters the flowing water;
> sediment transport.

e  Water-quality and physical parameters.

11.3.5.2. Catchment/Reservoir - Aquatic

The following elements should be addressed:

e Carbon storage in sediments.

e GHG emissions.

e Carbon transport (DOC, dissolved organic
carbon (DIC), total organic carbon (TOC))

> OM concentrations and C/N, C/P and N/P
ratios in particulate and dissolved material.

e  Physical parameters

> current speeds in rivers and streams;
surface temperatures;
stability of density stratification in the water;
water depth and changes in water depth;
residence time of water in the
freshwater system.

YV VYV

1.3.5.3. Downstream of the Reservoir Site
The following elements should be addressed:

e Carbon transport (DOC, DIC, TOC).
e Carbon storage in sediments.
e  Physical parameters
> current speeds in rivers and streams;
» surface temperatures;
> water depth and changes in water depth.

11.3.5.4. Assessment of Carbon Stock

GHG  production after impoundment s
proportional to the amount of decomposable
biomass stock. Thus, the evaluation of the carbon
stock present in the area to be flooded by the
reservoir is a critical measurement, along with
carbon loading from the catchment.

Biomass and Soil Organic Carbon (SOC)

Two types of biomass can be distinguished and
both should be determined: the aboveground
biomass (including living and dead biomass) and
the belowground biomass (roots). The SOC
includes both living organisms and detritus and
should also be quantified. The maps of terrestrial
habitats should be used to quantify the biomass
and SOC.

Determining terrestrial biomass is a time
consuming process. If no literature values are
available, the aboveground biomass is assessed by
taking samples of a known area of each type of
vegetation where each vegetation layer is
weighed. Below ground biomass is assessed by
weighing all fine roots and estimating total roots
using a root-to-shoot ratio. Wet biomass data are
transformed into dry quantities and carbon
content, and then extrapolated to the total
inundated area.

SOC measurements can be made by sampling each
soil type. Sampling cores should be 30 cm deep and
be divided in three strata. Chemical analysis is used
to quantify organic carbon content. Soil density is
also assessed. Additional analyses on N, P and Fe
increase the level of information on soil chemistry.
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Assessment of carbon transport in streams

POC, DOC and DIC should be measured at
representative stages of the hydrographs of the
streams. When coupled with discharge
calculations, these  measurements permit
determination of carbon transport.

11.3.6. Post-Impoundment Measurements

This section provides guidance on the parameters
that need to be considered after impoundment
and on when to measure or to estimate the
conditions of the catchment.

Measurements should be made in the catchment
and the reservoir at representative sites with
sufficient temporal resolution to cover seasonal
changes. Except for measurements in the reservoir
and for  downstream degassing, post-
impoundment measurements should be similar to
pre-impoundment measurements (see previous
section). The same locations should be used for
pre- and post-impoundment measurements,
whenever possible.

As with pre-impoundment, the measurements
should be able to represent the whole catchment,
including headwater areas, the river system and
the reach downstream of the reservoir. Again,
measurements must be made at sufficient
frequency to cover seasonal variations in GHG
status of freshwater reservoirs, including climate,
rainfall, runoff, biomass production, biomass
degradation, nutrient loading, land-use operation
or other important factors impacting the carbon
and hydrological cycle.

11.3.6.1. Catchment

As for pre-impoundment conditions (both
terrestrial and aquatic), measurements of carbon
loading from the catchment and physical and
water-quality parameters should be made.

11.3.6.2. In the Reservoir
The following elements should be addressed:

e Carbon storage, including sediments and
water column.

e GHG emissions.

e Physical parameters that characterise
hydrological and hydrodynamical conditions.

Special attention should be paid to the drawdown
zone, where emissions may be higher due to re-
growth of vegetation when water levels are low,
leading to their decomposition after re-flooding.

11.3.6.3. Downstream of the Reservoir Site

The river system downstream of the planned (or
existing) reservoir must be investigated to
determine changes in carbon transport, carbon
storage or GHG emissions between pre- and post-
impoundment. Measurement sites should include
all the outlets of the reservoir and the
downstream river channel.

It is important to assess the change in nutrient
delivery and primary productivity in the coastal
zone, as changes in the nutrient content of the
water can reduce primary productivity (and carbon
sequestration in sediments) in the estuary.
Nutrient transport is an important element in the
process. Its overall impact on the whole cycle is
worthy of further research.

I1.4. Standardisation of Units

In a modelling framework, amounts of chemical
substances (for concentrations, fluxes,
biogeochemical reaction rates, etc.) must be
expressed in moles for stoichiometric calculations.
Fluxes of CO, and CH, can be expressed in grams of
carbon per square metre per day (g C m™ d™). All
other measurements must be expressed using the
International System of Units (SI).

lll. Spatial and temporal
variability

This section describes how seasonal changes in
climate, hydropower operations and carbon load
may impact the spatial and temporal variations.

When designing a measurement campaign to
capture the net GHG emissions from a reservoir in
a river basin, it is important to analyse the
potential spatial and temporal variability in
possible GHG emissions. The analysis should take
into account how seasonal changes in climate,
reservoir operations and carbon load may impact
the temporal variability. Considerations of
vegetation and land wuse (pre- and post-
impoundment), hydrological and water-quality
issues, other anthropogenic activities should be
included when designing the spatial sampling.
Practical issues like accessibility, safety and other
indirect implications must also be considered.
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To obtain an accurate estimate of the atmospheric
emissions from a reservoir, the seasonal variation
of the fluxes by the whole reservoir system must
be studied (including the reservoir, the degassing
and the river downstream). As shown at the Petit
Saut and Balbina reservoirs, atmospheric
emissions vary by more than one order of
magnitude within a year, because of the seasonal
variation in organic carbon supply, thermal
stratification, irregular convective mixing, water
depth, and reservoir operation. A monthly data set
over ten years from the Petit Saut reservoir
revealed that seasonal variations of gross
emissions were higher than the inter-annual
variation. This shows that estimates based on just
one or two surveys per year should be considered
with caution.

Monthly monitoring of key parameters and CO,
and CH, fluxes may be required to encompass the
seasonal variability and provide robust mass
balance measurements for the studied reservoirs.
During these campaigns, measurements should
span several days and include multiple sample
series per day. It is important to stress that the
main goal is to obtain reliable results that
encompass seasonal variations throughout the
year. A careful analysis of the hydrology, including
precipitation, temperature and past operation of
the reservoir could provide some important
information on the temporal resolution required.
A case by case analysis of the environmental
conditions of each reservoir may be able to justify
less frequent measurements (UNESCO/IHA, 2008).

The number of sampling stations is a compromise
between budget, human resources and detailed
objectives. The number of sampling points and the
sampling frequency depend on the observed
heterogeneity of the system and the desired
resolution. Fixed sampling intervals are easier to
analyse, but more frequent sampling during
periods of greater variations allow more precision
for the estimates of time-dependent variables.

More details are provided in the Field Manual and
in the Calculation Manual.

I1.1. Where to Measure

According to the UNESCO/IHA (2008), the
monitoring of reservoirs should be
compartmentalised to reflect the distinct regions
and predominant processes occurring in each of
these regions. Different types of sampling stations
may need to be chosen for long-term monitoring:

e stations on the upstream reach, and other
points of inflow;

e stations located along the longitudinal axis of
the reservoir;

e stations located in vegetated and non-
vegetated littoral zones of the reservoir;

e stations located in embayments in the
reservoir (where they exist);

e stations close to the reservoir outlets
(normally close to the dam site, but varying
from reservoir to reservoir) and from water
passageways in order to understand the
mixing of the water column in the reservoir;

e stations in the river downstream of the
reservoir outlets.

Straskraba and Tundisi (1999) suggest two different
sampling protocols: a simpler set of procedures for
small reservoirs and a more comprehensive
sampling for other types of reservoir. The simpler
procedure includes only one sampling point in the
reservoir, with samples being collected at maximum
stratification and during the period of complete
homogenisation. The more comprehensive
procedure includes sampling collections at the main
upstream tributary, in the main reservoir body, and
downstream. A larger number of sampling points is
necessary for bigger reservoirs, especially those
with complex shapes and many tributaries. The
sampling in the main body of the reservoir should
be performed at several depths at deeper locations,
usually close to the dam. Reservoir depth plus
thermal and chemical stratification will define the
number of sampling points (and spacing) in the
water column. Samples systematically collected at
the same depth are easier to analyse, but important
additional information can be obtained if water is
sampled at depths where important changes are
observed. Surface water should be sampled at 20 to
30 cm depth, to avoid influence from particles at
the water surface. Bottom water should be sampled
at 1 to 2 m from the bottom of the reservoir. The
depth sampling interval should not be greater than
10 m for stratified water bodies. The sampling
frequency should be at least monthly.

As sediments accumulate and integrate carbon
storage over time, sediment samples do not
need to be taken with a high temporal
resolution. However, the spatial resolution of
sediment samples needs to be more detailed.
Measurements of carbon stock and carbon stock
change in the sediments should be carried out in
different parts of the reservoir, covering the
variation in  pre-impoundment land-use/
vegetation as well as circulation, inflow and
deposition heterogeneities.
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Recommendations

Depending on the age of the reservoir, the
complexity of the site, and the resources available,
a minimum and an optimum number of
measurements are suggested:

e  Minimum - Three stations; (1) at the main point
of inflow into the reservoir, (2) at a
representative point in the reservoir, preferably
close to the reservoir outlet, (3) downstream of
the reservoir outlet. This approach may lead to
significant uncertainty in the data obtained;
however, if low gross emissions are observed, it
is unlikely that a comprehensive measurement
campaign is required.

e Optimum - Determine spatial variability in
detail during the first year using a large
number of stations to capture the
heterogeneity of the reservoir. The number
depends on the size and physical
characteristics of the reservoir but must
include the main inflow channel(s) and the
sides or the bays of the reservoir. In
subsequent years the number of stations can
be reduced to a representative set capturing
the main characteristics.

Emissions and concentrations must be studied
along the river course until CO, and CH, partial
pressures reach the natural background levels. The
number of sampling stations must be determined
depending on the length of the river course
impacted by the dam

When there is a low level outlet, degassing should
be followed downstream with emissions studied
along the river course until CO, and CH, partial
pressure reach the natural background levels. The
number of sampling stations must be determined
depending on the length of the river course
impacted by the reservoir.

Measurements within outlet conduits (at relief
valves for example) can reduce the need for
measurements at inlets.

The drawdown zone can be an important source of
emissions. It is suggested that regular
measurements are made when the drawdown
area is greater than a specified threshold (for
example: 10% of the total flooded area).

Measurements at the spillway can be dangerous. It
is suggested that samples are collected as close as
possible to the sill and always above it.

I1.2. When to Measure

According to UNESCO/IHA (2008), the seasonal
variation of the fluxes of the whole reservoir
system (including reservoir and the river
downstream) must be studied to allow an accurate
estimation of the emissions from a reservoir.
Emissions may vary by more than one order of
magnitude within a year because of the seasonal
variations of organic carbon supply, age, thermal
stratification, irregular convective mixing, depth,
and reservoir operation.

Recommendations

Temporal resolution: Age of the reservoir is
an important issue. Younger reservoirs need
more frequent measurements compared to
mature reservoirs.

At least a monthly monitoring of key parameters
and GHG fluxes is likely to be required to
encompass the seasonal variability and provide
robust mass balance measurements.

Minimum - where seasonality is important, at least
four measurement campaigns per year are
recommended: in the tropics, one in the dry
season, one in the wet season, and the other two
to capture the changes between them; in cold
regions, two in winter (if ice-cover occurs, one
before freezing and one after ice-breaking) and
two in the summer.

Optimum — automated systems to provide
continuous measurements of CO, CH, water
temperature and dissolved oxygen may provide
the most useful information (Demarty et al., 2009).

The short-term dynamics of GHG emissions can
also be important in tropical reservoirs. Recent
field studies at Manso Reservaoir, in Brazil (Assireu,
2009), indicate that semidiurnal stratification
processes lead to a recommendation that at least
one measurement is made during the day and one
during the night in tropical reservoirs (especially
during periods of reservoir stratification).

Where possible, pre-impoundment conditions
should also be monitored for at least one year.

Duration: One year was identified as the minimum
period for monitoring. However, previous research
has indicated significant inter-annual variation;
therefore, at least two years are recommended for
mature reservoirs. For new reservoirs, if high gross
emissions are observed, longer periods (up to 10
years) may be necessary to account for emission
reduction over the lifetime of the reservoir.
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IV. Methods and
equipment

This section presents the main concepts in
measuring GHG emissions, carbon mass flow (TOC,
DOC, DIC, POC), carbon storage in sediments, and
physical and water quality parameters.

Descriptions of the (standardised) equipment and
designs are presented in the Field Manual.

IV.1. Procedures for Measuring
GHG Emissions

What to Measure

The measurement should include all three GHG
gases: CO,, CH,; and N,0.

These gases are emitted from both natural aquatic
and terrestrial ecosystems, as well from
anthropogenic sources.

According to UNESCO/IHA (2008), previous studies
indicated that the emissions of CO, and CH, may be
relevant to global inventories of GHG exchanges.

CO, emissions are potentially similar at the basin
level (pre- and post-impoundment), but may be
influenced in time and space by the creation of a
reservoir. CO, is likely to account for more than
80% of the GHG emissions from a reservoir.

CH, is the most important component to be
evaluated, due to its high global warming potential
(21 to 25 times stronger than CO,, over 100 years,
per molar unit). CH, emissions may also be due to
the conditions prevailing after the construction of
the reservoirs, which were not present in natural
conditions. CH, emissions should be accounted for
over the life expectancy of the reservoir.

There is not enough knowledge on N,O emissions
from freshwater reservoirs to predict its magnitude,
although it can be significant in terrestrial systems. The
few published studies report very low N,O emissions in
boreal ecosystems and there are no conclusive results
for tropical reservoirs. A preliminary analysis of N,O
emissions from tropical reservoirs (Guérin et al., 2008)
indicates that N,O emissions can be significant, beside
the fact that net emissions are much less than gross
emissions. N,O emissions can usually be measured at

limited additional cost and these measurements are
recommended until more certainty is gained.

How to Measure

These comments and recommendations refer to
both pre- and post-impoundment conditions.

In the case of pre-impoundment conditions, both
terrestrial and aquatic systems can be present, and
the use of literature data and reference sites is
suggested when measurements are unavailable. A
review of relevant literature sources for emission
rates from different vegetation types should be
included in future editions of these Guidelines.

As a rule, measurements should be taken at the
same reference points for both pre- and post-
impoundment studies.

The following items describe the suggested
equipment and procedures to be used for
estimating GHG emissions for terrestrial systems,
surface flux, bubbling and downstream emissions.

IV.1.1. Terrestrial Systems

The most commonly used equipment for
estimating GHG emissions in terrestrial systems
are chambers, soil core incubators and eddy
covariance towers, as described below.

a. Chambers

Chambers are commonly used to measure the
emission of many trace gases from soil. The
method involves placing an open-bottom chamber
over a small area of soil surface and measuring the
gas emitted into the chamber. The trapping
arrangement may be by passive (static, closed)
systems or active (dynamic, flowing) systems.

At the air-soil interface, GHG fluxes are measured
using a static chamber equipped with a butyl
rubber stopper that allows gas sampling with a
syringe and needle followed by gas
chromatography analysis. If the gas is analysed
with an IRGA, the chamber has two openings. The
chamber is installed on a collar inserted into the
soil or the sediment at least 1 hour prior to
measurement (but longer times should generally
be allowed due to root damage at insertion). The
sealing of the chamber on the frame is insured by
a slot filled with water.
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The advantages (®) and constraints ($) regarding
chambers include:

% simplicity and ease in fabrication and
operation;

% when the chamber sampling area is a small
fraction of the total emitting area, the
measured flux could be highly variable due
to soil spatial heterogeneity;

é] the large effect on the within-chamber
environment created by the staticchambers
may be reduced by appropriately designed
and operated dynamic chambers;

% the presence of the chamber can change
the environmental properties (such as soil
temperature and the wind profile near the
soil surface) of the sampled area;

% the air flowing through the dynamic
chamber may change the pressure gradient
between the soil-gas phase and the
chamber interior;

% appropriate design and use can minimise
the bias of  underestimation or
. . h
overestimation of t e actual flux;

% micro climate (temperature, humidity, and
pressure) inside the chamber different from
the natural surrounding environment.

b. Incubators (Soil Core Sampling)

Soil emissions can be estimated by the soil
incubation method. Two variants of the method can
be used: air incubation, which provides an
estimation of emissions in terrestrial environments,
or water incubation, which provides an estimation
of emissions in flooded environments.

The incubation method is used to estimate GHG
emissions from specific soil types under
predefinedconditions. Soil samples are collected
from the study area and taken to the
laboratorywhere they are prepared according to
the type of incubation to be performed, and then
placed in incubators under controlled temperature
and/or moisture  conditions. Temperature-
controlled rooms or incubators are necessary for
this test. GHG emissions are measured by putting
the incubated soil sample in a sealed container
from which air samples are drawn over a given
period of time. Samples are analyzed on a gas
chromatograph for CO2, CH4 and N20
concentration, and flux is calculated as the change
in concentration over time.

The advantages (®) and constraints (¢) regarding
incubation of soil cores include:

% less expensive;

é] allows collection of data with good
spatial resolution;

% homogenisation and incubation processes
can affect emission rates;

% field calibration may be necessary.

Incubation of soil cores can be an adequate
method for studying processes occurring in the
soils or sediments (potential production or
oxidation). However, this approach cannot be used
for the determination of fluxes.

Inclusion of soil core incubation measurements
is promising but the method needs to be
studied further and compared to more
intensive monitoring.

c. Eddy Covariance Towers

The eddy covariance technique measures
vertical fluxes within turbulent atmospheric
boundary layers. Tower-mounted instruments
measure  the vertical wind and the
concentrations of gas many times per second.
From the product of these it is possible to
calculate the net flux of the gas between the
atmosphere and an area upwind of the tower.

The advantages (®) and constraints ($) regarding
eddy covariance towers include:

% extremely expensive (but this must be
considered in relation to manpower needed
for other data collection systems): high
towers may be needed over land and stable
platforms are needed over water (high
towers are not needed over water but it is
best to have a stable platform, a fixed rig
rather than a buoy);

the data processing is mathematically
complex, and requires significant care;

intense data interpretation is necessary;
extensively used;

well-tested for terrestrial systems;

w & &

less developed and tested over water
(although it has been used over lakes
successfully);

49

gap filling often needed to obtain annual
seasonal budgets;
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wind direction dependent;
continuous data over long periods;
large spatial coverage (several hectares);

footprints can be separated on basis of
wind direction and speed,;

w & & &

require large homogeneous footprint.
However, it depends on scale of
heterogeneity.. This can be an advantage if
it is necessary to integrate small scale
heterogeneity.

d. Other Alternatives to Estimate Emissions

e Land-use maps and satellite images combined
with literature values

e Literature data must be used for canopy
calculations of emission rates.

Recommendation: Use literature data and
reference  sites when  measurements are
unavailable. A review of literature sources for
emission rates from different vegetation types will
be included in a future revision of these Guidelines.

IV.1.2. Aquatic Systems

IvV.1.2.1. Diffusive Surface Flux Between Water
and the Atmosphere

The source of carbon for the CO, and CH, is
derived from:

e OM imported from the catchment;

e OM produced in the reservoir;

e decomposition of OM in plants and soils
flooded by the reservoir.

Diffusive CO, and CH, fluxes at the air-water

interface of the reservoir can be determined using
floating chambers or eddy covariance towers. In
the river downstream floating chambers can be
used. Alternatively, fluxes can be calculated based
on the partial pressure gradient at the air-water
interface and an exchange coefficient that
depends on wind speed, water current velocity,
rainfall, and temperature gradients at the air-
water interface, as used in the thin boundary layer
(TBL) diffusive process model.

e. Surface Floating Chambers

The floating chamber method is a cheap and
convenient method to measure direct diffusive
fluxes at the surface of aquatic ecosystems. This
method consists of enclosing air in a chamber that
floats at the surface of the water (

Figure 4). Fluxes are then calculated according to
the change of the concentration of the gas in the
chamber (e.g. Abril et al. 2005, Guérin et al. 2007,
Tremblay and Bastien 2009).

Diffusive fluxes depend on the concentration
gradient between the surface microlayer and the
atmosphere, and physical parameters such as wind
speed and rainfall (e.g., Borges et al., 2004; Guérin
et al., 2007). Artificial turbulence can be created
by the chamber itself due to friction between the
edges of the chamber and the water. When the
chamber walls do not extend below the water
surface, the chamber drifts above the water
surface which can generate gas fluxes up to five
times higher in comparison to chambers with wall
extensions into the water (Matthews et al., 2003).
This becomes important at low wind speed (~1 m
s?) (Matthews et al, 2003). Thus, floating
chambers must have walls extending below the
waterline (Figure 4).

Vent
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I Surface microlayer
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€O, CH,

Figure 4: Sketch of a floating chamber used to measure diffusive fluxes at the air-
water interface of lakes, reservoirs, rivers and estuaries.
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In turbulent environments, the chamber can rock
back and forth and bob up and down increasing
the turbulence at the air-water interface. The
chamber can be stabilised by weights attached to
the bottom of the chamber skirt. It is important to
stress that generally it is not necessary to weight
the base of the chamber, but then it cannot be
used if strong waves are likely.

The solubility of gases in water depends on
pressure and temperature. When the pressure
increases, the solubility increases and vice versa. A
vent must be installed on the top of a floating
chamber in order to equilibrate the air pressure
within the chamber with the atmospheric pressure
before starting the measurements (

Figure 4). In order to limit variation of temperature
inside the chamber, the enclosure must be
covered with reflective material.

Good Use of a Floating Chamber

As discussed by Kremer et al. (2003b), a chamber
that moves relative to the surface water would
disrupt the aqueous boundary layer and artificially
enhance gas exchange. If fluxes are not measured
while floating freely with water movements this
leads to a significant overestimation of the fluxes,
since turbulence is artificially enhanced by the
friction between the chamber walls and the water.
Thus, measurements must be performed while
drifting with the water at lake and river surfaces.
However, in environments with low water currents,
but high wind, it is preferable to anchor the
chamber to avoid its moving in the wind, but in
environments with high currents, drifting with the
water mass is necessary (Frankignoulle et al., 1996).

The advantages (©) and constraints ($) with
regard to surface floating chambers include:

% inexpensive and can be transported and
deployed rapidly;

easy and precise measurements;

can be connected to real-time
measurement systems;

provides only a point measurement in both
space and time;

w w0 & &

in the presence of currents, all measurements
have to be made while drifting with the
water. Measurements on a drifting boat can
be difficult on rapid waters (rocky, fast and
diverse sites), so that exaggerated results can
be obtained when there is a water current
under a fixed chamber;

% no standard design;

% effect of wind speed on measured fluxes.

f. Eddy Covariance Towers

This method is already described under Section
V.1.1, as it has been most widely used for
terrestrial systems.

The technique is fine but current land-based
insrtuments probably need better ruggedising for
water use. It can be used as a gap-filling method. It
will give added value if there are enough resources
and an adequate area.

See terrestrial systems for more details.

g Thin Boundary Layer (TBL) Diffusive Process Model

The TBL method calculates flux using semi-
empirical equations. Although a lot of literature
exists on this subject, the mechanisms that drive
the process remain poorly understood and
consequently predictions have large uncertainty.
For example, widely used predictive models of the
gas transfer process commonly differ by factors of
three or more, and contain poorly understood
non-linearities as noted by Banerjee and
Maclntyre (2004). This translates to uncertainties
of at least 300% in recent attempts to calculate a
net oceanic CO, uptake (Takahashi et al., 2002).
Such uncertainty is due to the highly variable
nature of correlating factors, e.g., wind, waves,
surfactants, thermal convection or stratification,
wave breaking, and upwelling. The local
parameters necessary for the calculations are the
concentration of the GHG in air and in the water,
the wind speed and the temperature of the water.

The advantages (®) and constraints (¢) with
regard to TBL include:

% very quick method: one site can be sampled
in less than 5 minutes;

% relationships are site-specific;

% samples can be kept for months, when
poisoned and stored in correct conditions
(in the dark and bottom up in order that the
gas phase only has contact with the glass);

% unstable water samples have to be
analysed rapidly;

é] can be converted in gas concentration using
solubility equation (for CH, and CO,) and pH
(for CO,);

% time series are easy to obtain;
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% theoretical equations are not validated at
low and high wind speeds.

Recommendation:

Use floating chambers connected to a real-time
measurement system (if wind and weather
conditions allow). This system should be used both in
pre- and post-impoundment studies. If real-time
measurements are not feasible, measurement
campaigns with floating chambers must be done in
accordance with spatial and temporal resolution
requirements. In the future, TBL might be more
frequently used, but the approach still needs to be
tested more extensively.

IV.1.2.2. Bubbling (or Ebullition)

The gases generated in the reservoir sediment are
initially dissolved in the interstitial water. The less
soluble gases, such as CH,, aggregate as bubbles
that can grow until the point of being liberated
and migrate to the water surface. At deeper
depths, bubbles dissolve in the water on their way
to the atmosphere. Also, shallow waters, with high
oxygen concentration can be a CH, sink, as the
bacteria in these waters can oxidise CH,to CO,.

Bubble fluxes mainly occur in shallow parts of
reservoirs where the hydrostatic pressure is not
sufficiently high to dissolve CH, in the interstitial
water. Because ebullition is an intermittent
process it is important to extend the collection
time over several days. This process can be
important in regions where peatland is
impounded. Ebullition is known to be an important
pathway for CH; emission in many peatlands
(Christensen et al., 2003). It can be important in
warm and shallow water with OM, but it is only
relevant in waters up to 10 m depth (or, according
to conservative criteria, up to 20-30 m depth). This
implies that the bathymetry of the reservoir has to
be considered when extrapolating the
measurements, as only shallow zones need to be
taken into consideration.

No bubbling occurs in the drawdown zone of the
reservoir, because water level fluctuation coupled with
wave action results in the organic sediments being
completely eroded and the OM is no longer present.

Bubble collectors installed below wind-wave
influence can be used to integrate bubble emission
over time and are cheap and easy to operate. The
ebullition can therefore be integrated over the
whole season. Open floating dynamic chambers
have been used to measure bubble emission
(Ramos et al., 2006). Acoustic techniques have also

been used to quantify bubbles (Ostrovsky, 2003;
McGinnis et al., 2006; Ostrovsky et al., 2008).

In the most frequently used method for measuring
bubbling, the ascending bubbles are captured by
inverted funnels that are coupled to gas collectors
initially filled with water.

Samples are collected using a set of funnel
collectors (e.g., cones of synthetic sheet on an
aluminum framework, with a diameter of 70 cm
and coupled to gas collection bottles). If the
environment is believed to emit small amounts of
bubbles, large bubble collectors should be
installed for longer periods of time to maximize
the possible collection of the bubbles.

In most cases, the funnels are placed along
transects from the shallows to the deepest regions
(Figure 5). Spatial resolution must be decided on
the basis of reservoir size and bathymetry and
soil/sediment composition.

The funnels are submersed and all air is removed
to avoid contamination by atmospheric air. Then
the collecting bottles, full of water, are coupled to
the funnel.

The choice of the sampling site and the
arrangement of funnels are determined by
parameters such as the density of the flooded
vegetation, the number of vyears since the
reservoir was filled, depth, presence of
semisubmersed vegetation, and geographic region
of the reservoir.

The collection period can extend from 24 hours to
several days, weeks or the whole season.

Samples can be collected in between and the
volume in the collector can be recorded. The
collection bottles are hermetically sealed while still
underwater and collected for later laboratory
analysis. (Figure 6 and.)

Figure 5: Set of Funnels Installed near
Emerged Trunk
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few tens of metres up to 50 km downstream of the
dam. Studies show that there can be important
emission rates close to the outlets, these reduce
gradually as the distance from the dam increases.
The effect of the reservoir induced emissions of
CH4 have been identified at 40 km (Petit Saut) and
30 km (Balbina) in the downstream river.

Figure 6: Collection Bottles

IvV.1.2.3. Downstream Emissions

Downstream emissions are those observed after

the reservoir outlets (turbines, spillways, low level Figure 7: Gasometers to Transport the Samples
outlets, etc.). They are composed of degassing and to the Laboratory.
diffusive fluxes, and their influence can range from

Spillway
Upto50m
downstream H Up to 50 km
"
' downstream
.
.
X% :
' Ya % ¥b %
"
CH, i
Measurement H CH, co
(safe distance) H :
—— :
H
Qutlet
Measurement Oxidisation
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Diffusive fluxes

D in
€gassing downstream

Figure 8: Schematics of downstream GHG emission patterns and suggested measurement points

Iv.1.2.3.1. Degassing Degassing downstream of the dam has been
estimated as the difference between the gas
concentration up- and downstream of the power
plant multiplied by the outlet discharge. If
possible, the gas concentrations should be
sampled from ports within the conduits leading to
the outlets. The surface and the vertical profiles of
CH,4 and CO, concentrations can be determined by
Degassing of water passing through spillways and the headspace method (see Section [V.1.2.4)
turbines has been estimated on the basis of followed by gas chromatographic analysis.
supersaturation of gasses in the reservoir water
body and its equilibrium concentration. (/IPCC GPG
for LULUCF 2003).

Degassing is defined as emission which happens on
discharge from low level outlets, including turbine
tailwater (induced by dramatic pressure change). A
wide variation in the importance of degassing has
been reported (1% to 90% of total emissions), and
its magnitude is influenced by dam design.

For an accurate determination of the degassing,
samples representing water entering the turbines
have to be taken directly in the turbines or at the
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entrance of the inlet to the powerhouse. When
this is not possible, the degassing could be
evaluated from the average GHG concentration
calculated from vertical profiles of concentration
in the reservoir. The concentration in spilled water
must be determined from samples of water
discharged by the spillway. The concentration of
gas in water being discharged through the dam is
the average of the concentration in water entering
the spillway and the turbines weighted by the
discharge of each water pathway. Downstream
water samples must be taken away from the zone
of turbulence just downstream of the dam.

IvV.1.2.3.2. Downstream Diffusive Fluxes

In addition to downstream degassing of CO, and
CH,, dissolved and particulate organic carbon and
dissolved CO, and CH, are discharged through the
dam and transported downstream. This output has
been calculated as the product of the water
discharge rate and the concentration of dissolved
gases, DOC and POC. However, to properly
quantify the atmospheric emissions by this
pathway and the export of OM downstream of the
dam it is necessary to include calculations of: the
out-gassing of CO, and CH,, the production of CO,
by the respiration in the river of the OM produced
in the reservoir, and the oxidation of CH,to CO,.

The presence of currents and rapidly flowing water
can make it difficult and dangerous to measure
these fluxes. These factors have to be taken into
account when planning measurement campaigns.
In most cases, the best available method for
calculating downstream diffusive fluxes is through
an equation of gas concentrations, obtaining the
data at the appropriate depths in the water above
and below the dam.

It is also important to take into account flux
contributions from the catchment in the
downstream section (tributaries, direct runoff).

Recommendations

Measurements should be taken at the entry point
of the outlet (spillway, turbine, low level outlet).

Measurements should be made in conduits
whenever it is possible (or as close as possible to
the intake) combined with a concentration
measurement downstream of the dam. A specific
sampling technique will need to be designed for
each individual outlet.

Spillway emission has to be included.

Diffusive fluxes and carbon transport from rivers
below dams or at the outlet of the powerhouse

have to be measured. The fast flowing water is
likely to make floating chambers inaccurate, but,
concentration measurements can be used instead,
as described in Section II.3.

A simple and conservative approach would be to
measure GHG concentrations at the intake of the
spillway or in the conduit and at an appropriate
distance downstream where dissolved gas levels
can be assumed to have returned to natural levels.
In this method, the difference in measured values
can be considered as the downstream emissions.

IV.1.2.4. CO,, CH, and N,0O Concentrations

For CO,, CH, and N,0 concentrations, surface
water is sampled with a custom sampler that
limits gas exchange, such as the one designed
by Abril et al. (2007). The sampler is a
polyethylene bottle, the bottom of which has
been removed. A hole has been made in the
cap, which is connected to a Tygon tube. The
sampler is gently submerged and maintained
for a few seconds below the water surface with
the open part facing in the direction of the
water current. When the sampler is retrieved,
water flows through the Tygon tube and is
transferred to serum glass bottles. A flow
through at least three bottle volumes of
bubble-free water is allowed, and bottles are
immediately capped without air bubbles, using
a butyl rubber stopper which is secured with
aluminium crimps. Only the water that had no
contact with air is retained in the bottles and
bubbles are excluded. For water sampled in
deeper parts of the reservoir, the tubing from
the peristaltic pump is used in the same way as
the tubing from the custom sampler. It is
important to stress that, if a peristaltic pump is
used to draw water from depth, degassing can
occur. Hence, for deep reservoirs, a sampler
that maintains the pressure at the depth of
collection is required.

In the laboratory, a headspace (~15 mL for a 30 mL
sample) is created in the duplicate serum bottles
by injecting N, through the stopper, maintaining
the bottle bottom-up while simultaneously
expelling the same volume of water through a
second needle. All bottles are weighed empty, and
before and after the creation of the headspace in
order to determine gravimetrically the volume of
gas and water. After equilibrating the CH, and the
CO, between the water and the headspace by
vigourous shaking, the sample is left to equilibrate
at ambient temperature (25 °C) for more than one
hour. The concentrations in the headspace are
then measured (in duplicate for each depth) using
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a Gas Chromatograph with a Flame lonisation
Detector (GC-FID) for CH, and with a thermal
conductivity detector (GC-TCD) for CO,. Gas
concentrations in the water are calculated from
partial pressures in the headspace using the
solubilities given by Weiss (1974) for CO,
Yamamoto et al. (1976) for CH, and Wanninkhof
(1992) for N,O. For CO,, as described by Hope et
al. (1995), this method is the most appropriate for
acid, low ionic strength, organic rich waters as is
the case at PSR, Balbina and Samuel Reservoirs.

As release of gases from the storage of dissolved
gas in the water body is one of the pathways of
GHG emission (Bastviken et al., 2004) it is
important to keep track of that storage. The size of
the storage can be affected by upwelling in a
stratified reservoir (Effler et al., 2004). High wind
speed can also cause degassing of the water body.
As floating chambers cannot be operated in high
wind speed conditions, diffusive fluxes are
underestimated during these degassing events.
Regular measurements of gas concentration
profiles in reservoirs could therefore be an
important contribution towards measurements of
diffusive emission especially in windy conditions.

IV.2. Carbon Mass Flow and
Carbon Storage in Sediments

What to Measure

Carbon can be in particulate or dissolved form and
part of the dissolved carbon can be in the form of
mostly bicarbonate ion. Dissolved organic
components are, in part, humic and fulvic acids,
although other forms, such as urea and sugars, can
also be present (Matvienko, 200-). The forms to be
measured are: Total Organic Carbon (TOC),
Dissolved Organic Carbon (DOC), Dissolved
Inorganic Carbon (DIC), and Particulate Organic
Carbon (POC). Carbon loss to sediments should
also be evaluated.

How to Measure

The detailed methods for measurement and
analysis of TOC, DOC, DIC and POC are described in
USEPA (1997; 2001), APHA (1998), Matvienko
(2000), and other sources.

Total Organic Carbon (TOC), Dissolved Organic
Carbon (DOC) and Dissolved Inorganic Carbon
(DIC) can be estimated by microanalytical methods
using infrared spectrometry.

Particulate Organic Carbon (POC) can be quantified
using a POC analyser that combusts the sample and
determines the CO,. Inorganic carbon must be
removed by acid treatment prior to this procedure.

The storage of OM in reservoir sediments is very
difficult to quantify and as yet there is no
satisfactory method to deal with this term, even
though it may be significant in systems with
naturally turbid waters or in eutrophic systems
with high algal biomass.

Sediments in reservoirs are a mixture of post-
impoundment settled material and the pre-
impoundment soil. Sediments in reservoirs
generally show a lot of patchiness and spatial
heterogeneity and the presence of dead trees
increases the mesoscale (metric) heterogeneity
and usually restricts the use of classical box corers.
A single sediment core is never representative of
an entire reservoir with a large surface area.
Furthermore, in addition to the fact that cores may
not be representative, sedimentation rates cannot
be quantified using classical methods.

In principle, indirect estimation of organic carbon
sedimentation and storage in reservoirs should be
preferred. However, accumulated data from
studies show that sedimentation traps already
provide estimates of permanent carbon
sedimentation. Data from Brazil and Finland show
that of the fresh carbon settling daily, 89% is
cycled back to the water column as CO,, CH, and
potentially labile DOC. In tropical reservoirs,
sediments are acidic and silica can be used as a
tracer for permanent carbon sedimentation.
According to field measurements, tropical
reservoirs bury 9.3 times more carbon than they
emit as CH,. Conversely, the permanent carbon
sedimentation rate in tropical reservoirs is 268
million times greater than the carbon storage in
tropical soils (Sikar et al., 2009).

IV.3. Water Quality and Physical
Parameters

The main parameters to be estimated are:

e airtemperature;

e water temperature;

e soil temperature;

e water pH;

e dissolved oxygen in water;
e water depth;

e wind speed;

e wind direction;

Page | 36



Greenhouse gas emissions related to freshwater reservoirs: World Bank Report - January 2010

e mean annual rainfall;

e residence time;

e current speeds in rivers and streams;
e concentration of OM;

e concentration of nitrogen;

e concentration of phosphorus;

e concentration of iron;

e conductivity.

It is recommended that well established water
quality standards and criteria are used: such as
those described by ISO (/SO 5667-1:2006, SO
5667-3:2003, I1SO 5667-4:1987, ISO 5667-6:2005,
ISO 5667-12:1995 ISO 5667-14:1998 ISO 5667-
16:1998, ISO 5667-17:2008, ISO 5667-20:2008),
EPA-Queensland, Australia, ABNT 9897 (Brazil),
USEPA, DEFRA-UK, CONAMA-Brazil, and other
international, national and local standards.

V. Data analysis

The data analysis will be presented in the
Calculation Manual, describing how to calculate

net emission from the creation of a reservoir in a
river basin. For each reservoir to be measured, it is
necessary to go through several steps in the data
analysis. Figure 9 illustrates this:

Pre-impoundment

Field and laboratory point

measurements and/or
literature data

Quality assurance, uncertainty

Point data
pr area unit

Spatial Temporal
extrapolation extrapolation

NS

Pre-impoundment

gross emission
Pr reservoir and time

.

Net emissions of creating a reservoir in a river basin

Post-impoundment

Field and laboratory point
measurements and/or
literature data

Point data
pr area unit

/N

Spatial Temporal
extrapolation extrapolation

N/

Post-impoundment

gross emission
Pr reservoir and time

L

Figure 9 — General schematics for Data Analysis
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This section will include:

e calculations of GHG and emission rates from
field measurements

e calculations of emission rates from gas samples

e calculations of dissolved GHG from
water samples

e calculations of GHG from bubble collectors

e calculations of TOC, DOC, POC etc from water
samples, sediment samples;

e quality assurance and quality control ;

e calculations and extrapolation from point

samples to areal units (spatial extrapolation
and interpolation);

e calculations and extrapolation from point and
area values to time series (temporal
extrapolation and interpolation);

e calculations of net emissions from gross pre-
and post-impoundment data;

e comparisons of different methodologies
(including UNFCCC criteria), identifying which
is more applicable to each different situation;

e evaluation of uncertainties.

VI. Updating these
Guidelines

These Guidelines are intended to be a living

The UNESCO/IHA GHG Research Project includes in its
schedule a series of workshops where these Guidelines

and. ijnamlc document, and will be will be discussed and updated, as shown in Table 2.
periodically updated.
Work schedule
(quarters of each fiscal year to 31 March)
2008-2009 2009-2010 2010-2011
Year to 31.03.2009 Year to 31.03.2010 Year to 31.03.2011
APR JuL ocTt JAN APR JuL oct JAN APR JuL oct JAN
JUN SEP DEC | MAR | JUN SEP DEC | MAR | JUN SEP DEC | MAR
Workshop
ws-1
01
Guidelines Guide
i lines
Version 1 Vi
Workshop
ws-2
02
Workshop
ws-3
03
wwGuidelin Guide
) lines
es Version 2 V2
Workshop
Ws-4
04
Workshop
Ws-5
05
Guidelines Guide
i lines
Version 3 v3

Table 2: UNESCO/IHA RESEARCH PROJECT Schedule
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Summary

World Bank Contract 7150219

Deliverable 2:  Preliminary GHG Assessment Tool

This document was developed for the World Bank by the International Hydropower Association (IHA) under
the World Bank Contract 7150219, to fulfil the requirements for Deliverable 2 of the contract terms: a first and
simplified model for analysis of net GHG (greenhouse gas) emissions from freshwater reservoirs.

Present scientific knowledge does not allow the development of a model capable of directly estimating net
GHG emissions (i.e., the GHG impact from the creation of a freshwater reservoir). This deliverable is therefore
developed as a Risk Assessment Tool for Reservoir Vulnerability to Gross GHG Emissions (the Risk Assessment
Tool). It is intended to provide a first estimate of the likelihood of existing or future reservoirs, becoming
emitters of GHG emissions and is a first step towards the evaluation of the net GHG emissions. The
identification of high vulnerability to gross GHG emissions should be taken as a warning of the need for further
studies of the site, with detailed field monitoring to determine the net GHG emissions of the reservoir.

The Risk Assessment Tool is a first, simple model targeted at project developers, reservoir
owners/operators/convenors or government regulators, to allow a quick assessment of a potential site and to
assess its vulnerability of to gross GHG emissions, in the absence of site-specific data. It can also be applied as
a tool for designing reservoir field campaigns, with view to sampling representative field data.

Due to the high level of uncertainty observed in the available data, the Risk Assessment Tool described here is
presented as a prototype — a first example of this simple model. It was developed on the basis of theoretical
knowledge obtained from the available information on key parameters and processes.

The Risk Assessment Tool applies decision trees to allow the relatively quick assessment of the vulnerability of
a reservoir to gross GHG emissions as “low”, “medium” or “high”, using information obtained from key
variables, such as: carbon and nutrient load, water temperature, wind speed and direction, rainfall, soil type,
land use, and reservoir characteristics (residence time, presence of low level outlets, stratification of the
reservoir body, reservoir shape, water depth, reservoir age, drawdown zone exposure, and biomass in the
reservoir and in the drawdown zone).

Decision trees to assess the vulnerability of hydropower reservoir sites to gross methane (CH,) and nitrous
oxide (N,0) emissions are presented as the main elements in assessing the risks of GHG emissions. The
vulnerability of a site to carbon dioxide (CO,) emission is not included in the model because CO, emissions are
potentially similar at the basin level, for pre- and post-impoundment conditions, although they may be
influenced in time and space by the creation of a reservoir.

It is important to stress that the results from the present study have to be interpreted with caution, as the
complexity of the processes and limitations in the data result in substantial uncertainties. As more information
becomes available, and more indicators are included, the risk assessment tool will be improved. It will be
updated as experience is gained in its application and the needs of users.
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1. Introduction

The Risk Assessment Tool for Reservoir
Vulnerability to Gross GHG Emissions (the Risk
Assessment Tool) uses information on key
parameters to assess the vulnerability of a
reservoir to gross GHG emissions. It uses decision
trees to allow the relatively quick assessment of
this vulnerability as “low”, “medium” or “high”. It
is intended for project developers, reservoir
owners/operators/convenors  or  government
regulators, allowing them to make a quick
assessment of a potential site and to analyse, in
the absence of site-specific data, the vulnerability
of a reservoir to gross GHG emissions. It can also
be applied as a tool for the design of reservoir field
campaigns, with view to collecting representative
field data.

Limiting climate change has become one of the
most important objectives for strategic sustainable
development. The issue of the GHG status, or
carbon footprint, of freshwater reservoirs (i.e., the
net GHG emissions: defined as the change in GHG
emissions due to the creation of a reservoir) is an
important feature of climate change discussions.
This creates a strong demand for new methods to
assess the GHG status of reservoirs. However, there
are still many uncertainties related to such
assessments, including: lack of standard
measurement techniques used in the reservoirs;
limited reliable information from different sources;
lack of standard tools for assessing the net GHG gas
emissions from existing and planned reservoirs.

More research is needed to derive accurate
estimates of the net GHG impact of freshwater
reservoirs. The GHG Status of Freshwater
Reservoirs Research Project, hosted by the
International Hydropower Association (IHA), in
collaboration with the International Hydrological
Programme (IHP) of UNESCO, aims to improve
understanding of the impact of reservoirs on
ecosystem GHG emissions, obtaining a better
comprehension of the processes involved and
helping to fill gaps in the knowledge.

There is an urgent need for quantitative
assessment of the GHG status of unmonitored
reservoirs and potential new reservoir sites.
However, the lack of accurate reliable data , does
not give us the confidence to develop either
predictive models or a even simple equation that
would be capable of estimating reservoir GHG
emissions with sufficient accuracy. Nevertheless,

as a first step simple tools can be developed and
usefully applied.

Due to these data limitations, the Risk Assessment
Tool described here is presented as a prototype,—
as the first version of this simple model. It was
developed from the available information on key
parameters and processes and based on
theoretical knowledge and expert opinion.
Although limited, such a model can be useful in
deriving a first estimate of the vulnerability of an
existing or future reservoir to gross GHG
emissions. As more information becomes
available, and more indicators are included, the
risk assessment tool will be improved. It will be
updated as experience is gained in its application
and the needs of users.

It cannot be emphasised enough that this is only a
first step for the evaluation of the net GHG
emissions. High gross GHG emissions do not
necessarily imply high net GHG emissions; they are
rather a warning of the need for further studies of
the site, with detailed field monitoring to
determine the net GHG emissions of the reservoir.

It is important to stress that the results from the
present study have to be interpreted with caution,
as they are subject to several uncertainties,
resulting from the simple representation of
complex processes and limitations in the data.

2. Which GHG species
should be considered
for the vulnerability risk
assessment analysis

The three identified GHG species are: carbon
dioxide (CO,), methane (CH,) and nitrous oxide
(N,0). These gases are both emitted and absorbed
by natural aquatic and terrestrial ecosystems as
well being emitted from anthropogenic sources.

According to UNESCO/IHA (2009), CO, is a natural
component of the carbon cycle, often accounting
for more than 80% of the GHG emissions. Although
these emissions may be influenced in time and
space by the creation of a reservoir, CO, emissions
are potentially similar at the basin level, pre- and
post-impoundment. For this reason, the
vulnerability of a site to CO, emission will not be
included in this Risk Assessment Tool.
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Non-CO, greenhouse gases are significant
contributors to climate change. According to US
EPA (2009a), approximately 30% of the human-
induced greenhouse effect can be attributed to

the non-CO, greenhouse gases. Figure 1 shows the
global contribution of human-related greenhouse
gas emissions to the enhanced greenhouse gas
effect since preindustrial times.

Figure 1 - Contribution of anthropogenic emissions of GHG to the enhanced GHG effect from preindustrial to

present (in Watts/ m?).

CH,
_~ 22.9%

¥

N,0
7.1%

High-GWP Gases
0.4%

Co,
69.6%

Source: IPCC (2001), apud US EPA (2009a)

CH, is the most important component to be
evaluated, due to its high global warming potential
(21 to 25 times stronger than CO,, over 100 years,
per molar unit). CH, emissions can also result from
the conditions prevailing after the construction of the
reservoirs — conditions which were not present
under the previous land use. CH, emissions should
therefore be included when assessing the life
expectancy of the reservoir (UNESCO/IHA, 2009).

There is not enough knowledge on N,0O emissions
in freshwater reservoirs, although it is known to be
significant in terrestrial ecosystems. The few
published studies report very low N,0O emissions in
boreal aquatic ecosystems, but there are no
conclusive  results for tropical reservoirs
(UNESCO/IHA, 2009). However, preliminary
analysis of N,O emissions from tropical reservoirs
(Guérin et al., 2008) indicates that N,O emissions
can be significant, notwithstanding the fact that
net emissions are much less than gross emissions.
It should be noted that the global warming
potential of N,O is 310 stronger than CO,
(UNFCCC, 2009) over a 100 year time horizon

Based on the arguments, this Risk Assessment Tool
presents decision trees to assess the vulnerability

of hydropower reservoir sites to both gross CH,
and N,O emissions. The main factors in assessing
the risk of the wvulnerability to emission are
presented, including main processes and
pathways. A more detailed decision tree analysis
to assess the vulnerability to N,O emission will be
included in further versions of this document,
when more information becomes available.
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3. Technical approach
for the risk assessment
of the vulnerability to
GHG emission

This analysis is done as a three-step process:

1) Capacity of the system to provide carbon
and nutrients to the reservoir.

2) Capacity of the reservoir to store GHG.
3) Capacity of the reservoir to release GHG.

The first step estimates the potential supply of
organic carbon and nutrients, by evaluating the
capacity of the contributing areas (upstream
catchment) to deliver these to the reservoir. This
evaluation is done by assessing the carbon and
nutrient stock in the catchment, and also by
verifying if the available carbon and nutrients are
labile. If the stock of carbon and nutrient in the
catchment is small, the carbon load will be small,
and the site will have a low vulnerability to gross
GHG emissions; the risk assessment analysis is
then complete. Otherwise, it is necessary to
determine if the available carbon and nutrient is
labile. If the carbon and nutrient are available in
the catchment, but they are not labile, the supply
of organic carbon and nutrients to the reservoir
will be small. Consequently, the site vulnerability
to gross GHG emissions is considered to be low to
medium, and the risk assessment analysis is
complete. If not, it is necessary to proceed to the
second step.

The second step has the objective of evaluating
whether the necessary conditions for storing GHG
are present. The parameters that modulate the
rates of the biological processes creating a stock,
are identified by UNESCO/IHA (2009), as Primary
parameters. If there is an adequate supply of
carbon and nutrients, but the reservoir does not
have the conditions needed to convert this supply
to GHGs, there can be no GHG emission from the
reservoir; consequently, the site is likely to present
a low-to-medium vulnerability to gross GHG
emissions, and the risk assessment analysis is
complete. Otherwise, the GHGs will be available
dissolved in the water of the reservoir, and it is
necessary to proceed to the third step, to evaluate
if the vulnerability to gross GHG emissions is
medium or high.

The third step identifies whether the reservoir has
the necessary conditions to release the available
stock of GHG from the water into the atmosphere.
The parameters that modulate gas exchange
between the atmosphere and the reservoir or
downstream river, allowing the release of GHGs,
are identified at UNESCO/IHA (2009), as Secondary
parameters. If the GHGs are available in the
reservoir, and the reservoir has the capacity to
release them, the vulnerability to gross GHG
emissions is high, and there is the need to assess
the vulnerability to net GHG emissions; otherwise,
the site is likely to present medium vulnerability to
gross GHG emissions (and there is a possible need
to assess the vulnerability to net GHG emissions).

The decision tree also has the option of “no
information available” directing the decision in the
same direction as “false”, i.e. remaining on the
high vulnerability track.

As this analysis is based on information from key
parameters (e.g. residence time, water
temperature, biomass, and others), it is important
to define “high,” “medium” and “low” levels for
these parameters. The decisive factor for these
definitions is the quantity of GHG (in CO,
equivalent) which a certain key parameter causes.
Thus, the occurrence of a key parameter cannot be
defined as “high”, “medium” or “low” by its total
value, but must rather be defined by the amount
of GHG emissions in CO,-equivalent caused by its
presence. As the available data still do not allow a
proper estimation of these limits, the analysis has
been done in a qualitative way. When more
information becomes available, future versions of
this document can include more precise definitions
of the “high,” “medium” and “low” levels for the
key parameters..

Detailed descriptions of the methodology for risk
assessment of the vulnerability to emission of CH,
and N,0 are presented in Sections 4 and 5,
respectively. Each one of these sections includes:

e the description of the main processes and
pathways of that specific GHG species;

e identification of the factors affecting the
emissions; and

e a simplified decision tree analysis for
assessing of the vulnerability of a site to
GHG emissions, based on the three-step
process described above.

Figure 2 summarises this three-step
analysis process.
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Catchment characteristics

True

Low carbon

Low vulnerability to gross
and nutrient GHG emissions

stock?

END OF ANALYSIS

False or
No information available

Low to medium vulnerability
to gross GHG emissions

END OF ANALYSIS

Non-labile
carbon and
nutrient?

False or
No information available

Step one:

Analysis of the capacity of
the system (upstream
catchment) to provide

carbon and nutrients to the
reservoir

Reservoir Conditions — Primary Parameters

Low to medium vulnerability
to gross GHG emissions

END OF ANALYSIS

Low capacity
to create
GHG stock?

False or
No information available

Step two:

Analysis of the capacity
of the reservoir to create
stock

f Reservoir Conditions — Secondary Parameters

Low to medium vulnerability
to gross GHG emissions

POSSIBLE NEED TO
ASSESS VULNERABILITY
TO NET GHG EMISSIONS

Low capacity
to release
GHG stock?

True

False or

No information
availahle

High vulnerability to
gross GHG emissions

NEED TO ASSESS VULNERABILITY
TO NET GHG EMISSIONS

Step three:

Analysis of the capacity of
the reservoir to release the
available stock

Figure 2 — Three-step analysis for the risk assessment of the vulnerability to gross GHG emission
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4. Risk assessment of
the vulnerability to
CH,; emission

Methane emissions are of importance, because
reservoirs may create the conditions under which
CH,4 could be produced and the global warming
potential of CH, is 21 times stronger than CO,
(UNFCCC, 2009) over a 100 year time horizon.

4.1. CH; -
and pathways

Main processes

In terrestrial ecosystems, the main source of
carbon is atmospheric CO,. The CO, is fixed by

plants during photosynthesis for the primary
production of organic matter (OM). A part of the
OM produced is either directly incorporated in the
soil organic matter (SOM) through processes
occurring in the rhizosphere or stored in the living
biomass until the plant decays.

According to UNESCO/IHA (2008), the carbon
(organic and inorganic) is transported within the
aquatic system of the river basin (river, lakes and
wetlands) by surface or subsurface runoff. The CO,
and the dissolved inorganic carbon are either
consumed for aquatic primary production or
follow the pathways indicated in Figure 3. The CH,
is either oxidised in the soil and water column or
emitted to the atmosphere. The OM, previously
stored in the soils, may be released as CO, and
CH,. The fraction that is not emitted is either
stored in the aquatic system or exported
downstream (Cole et al., 2007).

Upland soils Lowland soils

bas ] " S

- : .Y
Himg i afes

1
1
1
:
1
- CH,

E> Organic and inorganic carbon

£~
L

EEI  soil organic matter

Carbon cycle in the aquatic ecosystem
(Organic matter mineralization, primary production, CH, oxidation...)

River

Sediment

Figure 3 - Carbon dioxide and methane emissions from a natural watershed
(adapted from concepts in Conrad, 1989 and Cole et al., 2007).

According to UNESCO/IHA (2008), the source of
carbon for the CH, in the reservoirs is derived from:

e Organic Matter (OM)
the catchment;

e  OM produced in the reservoir;

e decomposition of OM in plants and soils
flooded by the reservoir.

imported from

CH, is produced under anaerobic conditions,
primarily in the sediments; a portion will be
oxidised to CO, by methanotrophic bacteria in the
water and sediments under aerobic conditions.
Pathways for CH, and CO, emissions to the
atmosphere from reservoirs include: (1) bubble
fluxes (ebullition) from shallow water; (2) diffusive
fluxes from the water surface of the reservoir; (3)
diffusion through plant stems; (4) degassing just

Page | 53




Greenhouse gas emissions related to freshwater reservoirs: World Bank Report - January 2010

downstream of the reservoir outlet(s); and (5) reach of the river (Figure 4).
increased diffusive fluxes along the downstream

1. Bubbling 2. Diffusive flux 3. Flux through macrophytes

CH, CO, CH, CO, CH,
FLUVIAL OM
(POC, DOC)

4, Degassing 5. Diffusive flux
€O, CH, €O, CH,

FLOODED OM / '

(soils, plant material, wood)

Methanogenesis Aerobic CH4 oxidation
OM - CH, +CO, CH, +20, > CO, + 2H,0

Figure 4 - Carbon dioxide and methane pathways in a freshwater reservoir with an anoxic hypolimnion
(for reservoirs with a well-oxygenated water column, methane emissions through pathways (2), (4) and
(5) are reduced).

The emission or uptake of methane by an

Site characteristics:
ecosystem depends on the balance between CH,

production and oxidation, and the transport mode e carbon and nutrient load;
of CH, from the deep anoxic layer to the e  water temperature;
atmosphere (Fiedler and Sommer, 2000). In the e wind speed and direction;
absence of oxygen, methanogenic bacteria e rainfall;

produce CH, by acetate fermentation of CO, or e soil and land use.

CO, reduction (Schlesinger, 1997). Part of the CH,

produced in the anoxic zone can be oxidised by Reservoir characteristics:

methanotrophic bacteria when it transits upwards
through the upper oxygenated layer in contact
with the atmosphere. An important quantity of
CH, produced in reservoirs would be oxidised
before even reaching the atmosphere (Happell and
Chanton, 1993).

e Design

» residence time;

» presence of low level outlets (reductions
in hydrostatic pressure as water is
released through low level outlets);

» increased turbulence downstream of the

The transport mode of CH, influences the CH, flux as dam associated with ancillary structures,
it determines the amount of CH, that will be oxidised. e.g., spillways and weirs;

In contrast to the CH, transported by diffusion, the » stratification of the reservoir body
CH, emitted by bubbling or transported through (likelihood);

plant stems avoids the oxidative zone, and can thus » reservoir shape (shoreline/surface ratio);
result in greater CH, emission. » water depth;

» biomass of plants, algae, bacteria and
animals in the reservoir and in
drawdown zone;

4.2. Factors affecting CH, > reservoir age
production in reservoirs: e Operation
» drawdown zone exposure (changes in

The following factors are taken into consideration

water depth
for the decision tree analysis: pth)
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4.3. Decision Tree Analysis—Assessing of the vulnerability of a site to CH, emission

Step one: analysis of the capacity of the system to provide carbon and nutrients to the reservoir

Catchment characteristics

l

Low carbon True Low vulnerability to gross
and nutrient > CH, emissions

stock? END OF ANALYSIS

False OR no information available

Low to medium vulnerability to
gross CH, emissions

Non-labile
carbon and
nutrient END OF ANALYSIS

False OR no information available

GO TO STEP TWO

Table 1 — Assessing of the vulnerability of a site to CH, emission:
Factors for evaluation of carbon and nutrient availability and lability

Factor Possible effects Condition
Soil type in the catchment: SOM describes the.organlc constltu.ent.s in the S.O.I|; SOC if Low carbon and
. . refers to the organic carbon occurring in the soil in SOM. . .
Soil Organic Matter (SOM) Bigger SOC amounts in the soil mean bigger carbon Low SOM nutrient stock in
Soil Organic Carbon (SOC) gg, " €8 Low SOC the catchment
availability.
If
Agricultural, urban, industrial and other human activities  Low Low carbon and

nutrient stock in
the catchment

Land use in the catchment can increase carbon and nutrients availability in the anthropogenic

contributing area. activity (pristine
conditions)*

The decomposition of OM in plants and soils flooded by If

the reservoir is source of carbon for the CH, in the Small amount of

reservoirs. biomass

Low carbon and
nutrient stock

Biomass in the future reservoir

and drawdown zone areas

concentrations and larger amounts of N, P and Fe in Less intensive nutrient stock in

water and in sediments. practices the catchment
Agricultural practices

Less intensive, low-tillage techniques lead to reduction If Less labile carbon

of erosive processes, with consequent less labile carbon Less intensive and nutrient in

and nutrients practices the catchment

Less labile carbon
and nutrient in
the catchment

. . . . If
) Intense rainfall can contribute to increase labile carbon . .
GETEL . Low intensity
and nutrients.

More intensive techniques imply greater organic matter If } Low carbon and

rainfall

* Observe that the pristine characteristics can change after the reservoir is created
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Step two: analysis of the capacity of the reservoir to create stock

Carbon and Nutrient Load \

Reservoir conditions — primary parameters

Low capacity Low to medium
to create vulnerability to gross
CH, stock? CH, emissions

END OF ANALYSIS

False
OR no information available

GO TO STEP THREE

Table 2 — Assessing of the vulnerability of a site to CH, emission:
Factors for evaluation of the capacity of the reservoir to create stock

Factor Possible effects Condition

Low capacity

Residence Time opportunity for physical, chemical and  Small Residence to create stock

Longer residence times increase the If
biological interactions. Time }

High water temperatures can increase  If
Water temperature speed and intensity of chemical and Low water
biological processes. temperature

Low capacity
to release
stock

Stratification of the
reservoir body

Low capacity

conditions, favourable for the creation  Small possibility of
to create stock

of CH, stock. stratification

Emissions from the drawdown zone

may be higher due to re-growth of If

Drawdown zone vegetation when water levels are low,  Small extend of
exposure leading to their decomposition after drawdown zone
re-flooding, depending on the supply exposure

of nutrient and light.

Low capacity
to create stock

Physical stratification creates anoxic If }

Young reservoirs are more likely to

produce CH,, due to the presence of If } Low capacity
recently inundated labile carbon and Mature reservoir to create stock
nutrients.

Reservoir age
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Step three: analysis of the capacity of the reservoir to release the available stock

Reservoir Conditions — Secondary Parameters

Capacity to create CH, —\

Low capacity Medium vulnerability to
to release gross CH, emissions

CH, stock? POSSIBLE NEED TO
ASSESS VULNERABILITY
TO NET GHG EMISSIONS

False
OR no information available

High vulnerability to
gross CH, emissions

NEED TO ASSESS VULNERABILITY
TO NET GHG EMISSIONS

Table 3 — Assessing of the vulnerability of a site to CH, emission:
Factors for evaluation of the capacity of the reservoir to release the available stock

Possible effects Condition
. If .
Wind can cause turbulence near the . . Low capacity to
I Low intensity
boundary layer and facilitate gas release. release stock

winds

Bubble fluxes mainly occur in shallow parts

of reservoirs where the hydrostatic pressure if

is not sufficiently high to dissolve CH, in the Deep average } Low capacity to
interstitial water. Under deeper depths, create stock

Water depth

. . . water depth
bubbles dissolve in the water on their way P
to the atmosphere.
If
. The more dentritic the reservoir, the more Non-dentritic .
Reservoir shape . Low capacity to
) . frequent occurrence of shallow areas and of  reservoirs (small
(shoreline/surface ratio) . . . . . release stock
regions with long residence times. shoreline/surface
ratio)
The presence of low level outlets can allow
the liberation of CH, otherwise trapped in If .
. . Low capacity to
Low level outlets deeper, anoxic waters. Degassing is also Absence of low
. L release stock
associated with discharge from low level level outlets

outlets
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5. Risk assessment of
the wvulnerability to
N,O emission

There is insufficient knowledge on N,O emissions
from reservoirs to evaluate their importance;
however, it should be noted that the global
warming potential of N,0O is 310 stronger than CO,
(UNFCCC, 2009) over a 100 year time horizon.

5.1. N,O - Main processes and
pathways

N,O is produced by both natural processes and
human-related activities. Primary human-related
sources of N,O are agricultural soail
management, animal-manure management,
sewage treatment, mobile and stationary
combustion of fossil fuel, adipic acid production
and nitric acid production. N,0 is also produced
naturally from a wide variety of biological
sources in soil and water, particularly microbial
action in wet tropical forests (US EPA, 2009b).

N,O is produced in soils by both nitrification and
denitrification reactions. Nitrification is an aerobic
microbial process that converts ammonium (NH,,)
to nitrate (NOs.) in the presence of oxygen. During
denitrification, nitrates are transformed into
nitrogen (N,). Denitrification requires anoxic
conditions, but denitrifying bacteria are facultative
anaerobes (Schlesinger, 1997; Hahn et al., 2000).

The higher N,0 emission from tropical
conditions could reflect the influence of
temperature on nitrification and denitrification
reactions, as well as nitrogen availability, which
is greater in tropical than in boreal and
temperate forests (Sitaula and Bakken, 1993;
Stange et al., 2000; Clein et al., 2002).

There are still significant uncertainties about the
contribution of the individual sources to
atmospheric N,0. Aquatic systems are considered
to be significant, but not the dominant sources of

atmospheric N,O (IPCC, 1990). According to
Mengis et al. (1997), N,O concentrations seem to
be strongly correlated with O, concentrations in
lakes. In oxic waters below the mixed surface
layer, N,O concentrations usually increase with
decreasing O, concentrations. N,O is produced in
oxic epilimnia, in oxic hypolimnia and at oxic-
anoxic boundaries, either in the water or at the
sediment-water interface. It is consumed,
however, in completely anoxic layers. Anoxic
water layers were therefore N,O undersaturated.
All studied lakes were sources for atmospheric
N,O, including those with anoxic, N,0
undersaturated hypolimnia. However, compared
to agriculture, lakes seem not to contribute
significantly to atmospheric N,O emissions (Mengis
et al, 1997).

Very few studies have measured N,O fluxes in
wetlands, for the simple reason that the water-
saturated and anoxic soils typical of these systems
offer particularly unfavourable conditions for N,0
production. The nitrification rate is quite low in
these systems because of very low oxygen
content, pH and nitrogen availability (Bridgham et
al., 2001). As for denitrification, it is often limited
by the lack of nitrates, a direct consequence of
slow nitrification rates (Regina et al., 1996).

5.2. Factors affecting N,O
production in reservoirs:

The following factors are taken into consideration
in the decision tree analysis:

Site characteristics:

e rainfall;

e water temperature;

e soil type;

e  agricultural practices (no-till or reduced tillage).

Reservoir characteristics:

e  operation
» drawdown zone exposure (changes in
water depth).
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5.3.

Decision Tree Analysis — Assessing of the vulnerability of a site to N,O emission

Step one: analysis of the capacity of the system to provide load to the reservoir

Catchment characteristics

|

Low nitrogen
stock?

Low vulnerability to gross

False OR no information available

N,O emissions

END OF ANALYSIS

Low to medium vulnerability to

Non-labile
Nitrogen 2

False OR no information available

GO TO STEP TWO

Factor

Soil type in the
catchment:
nitrogen availability

Land use in the
catchment

Temperature

Agricultural practices

gross N,O emissions
END OF ANALYSIS

Table 4 — Assessing of the vulnerability of a site to N,O emission:
Factors for evaluation of Carbon and Nutrient availability and lability

Possible effects

N,O is produced in soils by both nitrification and
denitrification reactions, depending on the presence of
ammonium (NH,) or nitrates (NO;).

Agricultural, urban, industrial and other human activities can
increase nitrogen availability in the contributing area. Primary
human-related sources of N,O are agricultural soil
management, animal-manure management, sewage
treatment, mobile and stationary combustion of fossil fuel,
adipic acid production and nitric acid production

Temperature influences nitrification and denitrification
reactions.

Heavy utilisation of synthetic nitrogen fertilizers in crop
production typically results in significantly more N,O emissions
from agricultural soils.

Less intensive, low-tillage techniques lead to reduction of
erosive processes, with consequent less labile nitrogen

Intense rainfall can contribute to increase labile carbon and
nutrients.

Condition

If
Low ammonium
Low nitrates

If

Low anthropogenic
activity (pristine
conditions)*

If
Low temperatures

If

Less utilisation of
synthetic nitrogen
fertilizers

If
Less intensive
practices

If
Low intensity rainfall

* Observe that the pristine characteristics can change after the reservoir is created
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Step two: analysis of the capacity of the reservoir to create stock

Nitrogen Load

Low capacity
to create
N,O stock?

GO TO STEP THREE

Reservoir conditions — Primary Parameters

False OR no information available

Low to medium
vulnerability to gross
N,O emissions

END OF ANALYSIS

Table 5 — Assessing of the vulnerability of a site to N,O emission:
Factors for evaluation of the capacity of the reservoir to create stock

Possible effects

Factor

The capacity to create N,0 stock is mainly related to
reservoir operational routines.

There is reduced N,0 production under anoxic
conditions. The main factor to cause stock creation
in the reservoir is associated with drawdown zone
exposure, in response to changes in water depth,
allowing conditions for nitrification processes.

Drawdown zone
exposure

This process is more intense when the period of soil
exposure is longer. Seasonal emptying of the
reservoir will allow more opportunity for stock
creation than weekly or daily variations

Condition

If

Small extend of Low capacity to
drawdown zone create stock
exposure

If

Short periods .
L. Low capacity to
(weekly variations)

create stock

of drawdown zone
exposure
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Step three: analysis of the capacity of the reservoir to release the available stock

Capacity to create N,O stock —\

Reservoir Conditions — Secondary Parameters

Medium vulnerability to
gross N,O emissions

Low capacity
to release
N,O stock? POSSIBLE NEED TO

ASSESS VULNERABILITY
TO NET GHG EMISSIONS

False or
No information available

High vulnerability to
gross N,O emissions

NEED TO ASSESS VULNERABILITY
TO NET GHG EMISSIONS

Table 6 — Assessing of the vulnerability of a site to N,O emission:
Factors for evaluation of the capacity of the reservoir to release the available stock

Factor Possible effects Condition

If
Low capacit
Small extend of pacity
. . . . to release
Similarly to the creation of the stock, its release is drawdown zone tock
. . . . stoc
also associated with reservoir operation, due to exposure
Drawdown drawdown zone exposure.
zZone exposure

. . . . If .
Th.IS process |§ more intense when the period of . Lo e sy
soil exposure is longer. Short periods of

to release
drawdown zone

stock
exposure
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Summary

World Bank Contract 7150219

Deliverable 3: Proposal for CDM Methodology Revision

This document, comprising two parts - a Field Manual and a Calculation Manual - was developed for the World
Bank by the International Hydropower Association (IHA) under the World Bank Contract 7150219, to fulfil the
requirements for Deliverable 3 of the contract terms: Proposal containing clarifications or revisions to a new
Clean Development Mechanism methodology.

The Clean Development Mechanism Executive Board (CDM EB) has ruled that reservoir-storage hydropower projects
must meet specified power density (installed power generation capacity divided by the flooded surface area)
thresholds in order to avoid risks associated with scientific uncertainty concerning GHG emissions from reservoirs. At
present, the criterion is that hydroelectric power plants with power densities less than or equal to 4 W/m2 cannot
receive CDM support. This criterion effectively excludes reservoir storage hydropower from the CDM. An exception to
this is any project that can demonstrate GHG emissions from the reservoir would be negligible.

The Field Manual and the Calculation Manual were developed based on the concepts developed in the
Guidelines presented as Deliverable 1 of the present World Bank Contract (Guidelines for net GHG
measurements aiming at international standardisation and objective measurements that will ease comparison,
transferability and global use of data). These manuals describe what, when, where and how to measure the
relevant key parameters, and how to estimate the net GHG emissions (the GHG impact from the creation of
freshwater reservoirs) from these measurements.

The Field Manual provides instructions on the field methods and equipment necessary to estimate GHG
emissions, under pre- and post-impoundment conditions. It gives qualified technicians and scientists a protocol
to make GHG emission measurements in the field. More specifically, the Field Manual includes instructions on
how to conduct GHG measurements in terrestrial (forest, grass and peatland) and aquatic (wetland, lake, river
and reservoir) ecosystems in terms of GHG emissions, and carbon and nitrogen stocks.

The Calculation Manual details the standard procedures that are needed to calculate net GHG emissions
resulting from the creation of a reservoir in a river basin. This manual is designed to be used with the data
obtained from the procedures described in the companion Field Manual.

The Field Manual and the Calculation Manual are proposed as the basis for a new CDM “tool” referenced in a
revised “Approved Consolidated Methodology 002” (ACMO002) or a “new methodology”. It is proposed that
these manuals should provide the means to measure and calculate net GHG emissions of reservoir-storage
hydropower projects currently excluded from the CDM.

This combined tool or methodology will allow a clear approach to calculating emissions from reservoirs and will
include options for a standardised approach to measurement and calculation in the face of natural variability and data
uncertainty. It will enable reservoir hydropower projects with low net GHG emissions to qualify for the CDM.

The Calculation Manual is in an early draft stage: this version constitutes a Framework and Annotated List of
Contents, describing the proposed format, objectives, elements to be considered, and general structure. When
complete this pair of documents will provide a new methodology for testing the suitability of reservoir-storage
hydropower projects for support under the CDM. Further refinement will be progressed through the
UNESCO/IHA GHG Research Project.
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1 Introduction

1.1 Context

Although not specifically targeted, reservoirs are
considered to be potential GHG sources and are of
major concern to the power industry. At present,
there is worldwide debate concerning the role of
freshwater reservoirs and their contribution to
atmospheric GHG emissions. Most studies of
reservoirs indicate that GHG emissions can
significantly vary (up to two orders of magnitude),
from one reservoir to another, or even in the same
reservoir for samples collected at different times
of the year. Studies have been conducted primarily
in Canada, Finland, Brazil, French Guiana and Laos.

Until now, there has been no worldwide standard
procedure proposed for measuring GHG emissions
from reservoirs and there is a lack of information
on relevant ecosystems around the world. The
UNESCO/IHA project has drafted a scoping paper
(Tucci, C., 2008) covering the state of the art in
2008, and a document providing measurement
specification guidance for GHG measurements
(UNESCO/IHA,  2009). Complementing that
document, this Field Manual presents succinct
instructions for field methods and equipment
needed to estimate net GHG emissions from all
types of man-made reservoirs.

The approach (Section 2) to estimating the net
GHG emission rate from reservoirs requires a
comparison of pre-impoundment and post-
impoundment fluxes from aquatic and terrestrial
components. Variables to be measured and
instruments for estimating terrestrial (Section 3)
and aquatic (Section 4) emissions are presented.
Also, gas analysers are briefly reviewed (Section 5),
ancillary variables are listed and standard
protocols are given as example (Section 6). Finally,
general quality assurance and quality control
(QA/QC) items are presented (Section 7). Specific
QA/QC items are included within the specific
method when required.

make field GHG emission measurements in
freshwater reservoirs. More specifically, the Field
Manual includes instructions on how to conduct
GHG measurements in terrestrial (forest and
peatland) and aquatic (wetland, lake, river and
reservoir) ecosystems in terms of GHG emissions
and carbon and nitrogen stocks.

This Field Manual may be updated to include new
methodologies or instruments.

2 Sampling
Considerations

Figures 2.1 and 2.2 present factors to be considered
when developing a sampling plan, including station
selection, spatial and temporal resolution, and
monitoring. Details are given in the sections below.
Figures 2.3 and 2.4 provide a summary of aquatic and
terrestrial variables, associated methodologies, and
advantages and constraints of those methodologies.

1.2 Objectives

The main objective of this Field Manual is to
provide objective and clear instructions on field
methods and the equipment necessary to estimate
GHG emissions, through field measurements of
pre- and post-impoundment conditions, allowing
qualified technicians and scientists to be able to

2.1 Steps and principles in
planning field suveys

The following items should be considered when
planning field surveys (ASTM, 1997, UNFCCC,
2009; Appendix 1 — Draft General Guidelines on
Sampling and Surveys):

A. Scoping the project

e Describe the scope, approach to sampling and
justification for it at an early stage.

e Specify objectives, site boundaries (Figure 2.5)
and other scoping variables.

e Field campaigns should be planned by skilled
personnel knowing  the field and
understanding the regional features affecting
the project.

B. Literature/data review

e (Collect existing pertinent data and information
about the study site.

» Consult the literature and historical
records, and interview experts and
government officials.

» Consult topographic, geological, soil,
vegetation and land use maps, aerial
photographs and satellite images.
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» Determine site history (changes in
land use).

» For terrestrial ecosystems, important
variables include vegetation type, age of
stand, soil type and regional climate.

» For aquatic ecosystems, important
variables include sediment type,
present water level, changes in water
level, water flows, depth, and reservoir
operating procedures.

Perform site reconnaissance to check the

accuracy of available information and to

identify site characteristics requiring
further investigation.

Developing a sampling plan

The purpose of sampling is to obtain reliable,
unbiased estimates of the mean or total value
of key variables. Reliability can be expressed
in terms of the probability that the sample
value falls within a specified interval around
the population value.

The accuracy of a sample-based estimate

increases directly with sample size. Prior to

taking a sample, the size required to achieve a

given accuracy must be determined.

The choice of sample type depends on several

factors, including the types of information to

be collected through sampling, known
characteristics of the population, and the cost
of information gathering.

» The sampling approaches include simple
random, systematic, stratified random,
cluster and multi-stage sampling.

» As the area covered by the reservoir and its
watershed can be very large and influenced
by land use, climate, geology, soil and
reservoir characteristics, stratified sampling
should be preferred over other sampling
approaches whenever possible, i.e,
whenever grouping variables are available.
This approach consists of grouping cases
into fairly homogeneous subpopulations
and sampling each population
independently. Stratification can increase
efficiency through a gain in precision for a
given sample size, and can ensure that
estimates are made with equal accuracy
within the various strata.

Develop one or more conceptual models of

the site based on existing information.

» Prepare maps of the study site.

Develop a detailed site investigation and

sampling plan.

» Review available regional and
local information.
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» Interpret aerial photographs and other
remote sensing data.

» Select appropriate methods for
collecting location data (latitude,
longitude and altitude).

Every project is site-specific and thus should
have its own spatial and temporal planning
for measurements.
Spatial and temporal resolutions are linked,
and a balanced approach is required in
considering both. For example, if greater
spatial than temporal variation is expected in
a specific instance, more stations may be
visited less frequently. If the opposite is true,
a few representative stations may be visited
more often or measurements may be taken
continuously. The budget and resources
available may influence planning.
It is necessary to compartmentalise
measurements in space and time to obtain
representative measurements and to take into
account any zones with high emissions but
having a small surface area (or small number
of occurrences over time).
As a general principle, flow-proportional
sampling should be applied, i.e., more
measurements should be performed in
compartments (or at times) of higher
expected flux. For example, an area (or period
of day) with 50% of the expected flux should
be covered by 50% of the measurements.
The same principles should be applied for
pre- and post-impoundment measurements,
for different systems (aquatic, terrestrial,
downstream, upstream, etc.) and for
different variables (GHG concentrations and
fluxes, physical, chemical and biological
variables, etc.).
The spatial and temporal resolution must be
subject to cost-benefit analysis and may be
modified for budgetary reasons.
Reference sites must be identified in both the
aquatic and terrestrial ecosystems to ensure
that normal variations due to climate or
changes in land use are taken into account
and not seen as reservoir effects. Reference
sites may also be used to estimate net
emissions when measurements begin after
reservoir impoundment.

Replicate measurements must be used in the

field to account for the variation within the

method (for example, three diffusive fluxes
may be measured with the chamber method).

Replicate analysis can also be performed to

account for the variation within the analysis
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method (for example, three subsamples may
be analysed by gas chromatography).

Field surveys

Perform field reconnaissance and on-
site investigation.

Obtain representative samples and
measurements for variables identified
and selected.

Collect field samples and take measurements.

Data analysis and sampling plan optimisation

Analyse field and laboratory data.

Assess spatial resolution of selected variables.

» Horizontal (surface): Upstream of the
river/reservoir (in both the river and
catchment), in the river/reservoir (in the
river channel and drawdown zone), and
downstream of the river/reservoir (in
both aquatic and terrestrial systems)

» Vertical (depth)
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Assess temporal resolution of selected
variables potentially affecting GHG emissions.
» Diurnal — Light intensity, primary
production and respiration rate
» Seasonal — Wet and dry season, ice cover,
snowmelt and seasonal mixing of water
» Annual — Climatic conditions (precipitation,
runoff, temperature, etc.) and reservoir
operating mode (water level)
Refine the sampling plan based on the analysis
of results. This is an iterative process whose
length depends on the complexity of the study
site and budgetary constraints. The results
and analysis from an initial comprehensive
survey will help determine hot spots, so
continuous or seasonal measurements may be
taken at a smaller number of representative
sampling stations.
Resolution must be an integral part of both
planning and evaluation, using an adaptive
measurement design (i.e., revising the
resolution after analysing the initial data).
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Figure 2.1 — Scope of GHG monitoring program for reservoirs
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Figure 2.2 — Spatial and temporal resolution of sampling plan
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Figure 2.3 —Aquatic and terrestrial systems methodologies
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AQUATIC SYSTEM METHODOLOGIES

- Effect of wind speed on measured fluxes.

+ EDDY COVARIANCE TOWERS (ON ISLAND)
Pros: - Continonous measurements.
Cons: - Very expensive.
-E and sp: data
- Depend on wind; no wind, no data.
+ THIN BOUNDARY LAYER (TBL)
Pros: - Very quick method: one site can be sampled in less than 5 min.
- Time series are easy to obtain.
- Samples can be kept for months, when poisoned and stored in correct conditions (in the dark and
bottom up in order that the gas phase is in contact with glass only).
- Can be converted to gas concentration using selubility equation (for CH4 and CO,) and pH (for CO,).
Cons: - Unstable water samples must be analyzed rapidly.
- Relationships are site-specific.
- Theoretical equations are not validated at low and high wind speeds.
- GHG PARTIAL PRESSURE / CONCENTRATION
- INFRARED AND SPECTROSCOPY ANALYZERS
Pros: - Multiple-gas analyzers available.
- Concentration obtained on site.
- Submersible sensor available.
Cons: - Usually used in line with a floating chamber in a closed-loop system. Small sample volume
can usually not be injected.
- Usually cambersome and energy-consuming.
1) Open path analyzers
Pros: - High speed and precision, low power consumption and absence of internal/external tubing.
- Adapted for eddy covariance measurements.
Cons:- No control over what happens between the source and detector.
- Not adapted for floating chamber measurements.
b) Non-dispersive infrared (NDIR)
Pros: - Low cost, very high precision and high data acquisition rate.
Cons:- Non-linearity (frequent calibration), one gas is analyzed by one sensor (one laser).
<) Fourier-transformed infrared (FTIR)
Pros: - Many gases can be analyzed concomitantly.
d) Tunable diode laser spectroscopy (TDLS)
Pros: - High resolution, and hence high inherent selectivity.
Cons:- One gas is analyzed by one sensor (one laser; dual-I; systems are
€) Cavity ring down spectroscopy (CRDS)
Pros: - Insensitivity to light source intensity and to the extremely long effective path lengths
(many kilometers) that can be achieved in stable optical cavities (Berden et al, 2000).
= No drift, high precision, low operating cost, many gases can be analyzed concomitantly.
Cons:- High initial cost.
- HEADSPACE-GAS CHROMATOGRAPHY
Pros: - Many water samples can be collected in a short period.

- Adding a preservative to the samples allows them to be stored for a fair length of time
‘before analysis.

- Water profiles can be measured by collecting water at various depths using a water sampler and
then transferring it to bottles or vials. Profiles are important to account for the water mixing
period and to determine the impact of the depth of the water intake.

Cons: - Some analyzers are not portable. must be analyzed either in a lah: ybya ialized
technician or in a field lab by a techmician trained for GC analysis.

- Many handling mistakes are possible from the collection of samples to analysis
(especially if HS is inserted before going to the field).

-R y of dissolved gas is i e.g., Kampbell and Vandegrift (1998)
recovered 87% of the methane on average.

-~ -~
GHG EMISSIONS CARBON STOCK
n ]
\/ -~
DIFFUSIVE SURFACE FLUX IN WATER COLUMN
+ SURFACE FLOATING CHAMBERS DISSOLVED ORGANICAND
Pros: - Inexpensive and can be transported and deployed rapidly. INORGANIC CARBON (DOC, DIC)
- Easy and precise measurements. - Dircct measurement only
- Can be connected to real-time measurement systems.
Cons: - Provides only a point measurement in both space and time. IN SEDIMENT
- Im currents, all measurements must be done while drifting. Measuring from a drifting boat may be tricky on
rapid waters (rocky, fast and varied sites), resulting in overestimates when there is water current under a fixed chamber. EARICUICTEURGAN CLERRUNEDD)
- No standard design. - Direct measurement only

Figure 2.4.1 — Aquatic systems methodologies — pros and cons
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TERRESTRIAL SYSTEM METHODOLOGIES

-~ -~
GHG EMISSIONS CARBON STOCK
1 1
-~ -~
LOW-VEGETATION EMISSIONS LITERATURE
* CHAMBERS Pros: - Cheap.
Pros: - Cheap. - Rapid.

- Continuous measurement available with commercial systems
but more expensive.
Cons: - Cheap systems do not provide continuous measurements.
« EDDY COVARIANCE TRIPODS
Pros: - Continuous measurement.
Cons: - Expensive
- Extensive and specialized data treatment.
- Depends on wind: no wind, no data.

LAND COVER EMISSIONS

INDIRECT NET ECOSYSTEM PRODUCTION (NEP)
Pros: - NPP can be easily estimated.
Cons: - Rh is labor-intensive to measure and will only give an
approximation of the process.

DIRECT NET ECOSYSTEM EXCHANGE (NEE)
+ EDDY COVARIANCE TOWERS
Pros: - Only direct method.
- Once the system is installed, it runs an its own.
Cons: - Very expensive.
- Extensive and specialized data treatment.
- Depends on wind: no wind, no data.

Cons: - Approximation/estimation
DIRECT MEASUREMENT

Pros: - Site-specific.
- More representative value.
Cons: - Labor-intensive

Figure 2.4.2 — Terrestrial systems methodologies — pros and cons
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Figure 2.5 — Site Boundaries for Reservoir Projects

2.2 Spatial resolution of sampling
stations

2.2.1 Horizontal resolution

The number of stations depends partly on the
accuracy and confidence limits required. The
number of stations may be determined either
arbitrarily or statistically to achieve a specific level
of accuracy. Non-parametric statistics are
preferable for processes which may not have a
normal distribution. Alternatively, the number of
stations may be determined using the cumulative
average principle (i.e., by plotting the average of
measurements vs. the number of measurements
and seeing where the variability of the cumulative
average levels out).

2.2.1.1 Terrestrial ecosystems

In terrestrial ecosystems, forest land may be
stratified based on a number of factors to reduce

the within-class variation in growth rate and other
forest variables (/PCC, 2006). For instance,
information on land use and changes in land cover,
vegetation composition and biomass, age of forest
stands, topography, soils, geology and climate may
provide valuable insights regarding GHG emissions
and carbon stock in terrestrial environments.
Homogeneous forest stands should be identified
for the selection of sampling stations.

2.2.1.2 Aquatic ecosystems

The shape of the reservoir (linear vs. dentritic-
shaped), and the number and type of inflows to the
river/reservoir, influence the heterogeneity of the
river/reservoir and thus the number of stations
required to effectively represent it (Figure 2.6).

Reference sites must also be chosen for control
purposes when monitoring studies are planned
and to determine net GHG emissions when no
pre-impoundment data is available. It s
recommended that a small number of lakes and
rivers are chosen; these should be unaffected by
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anthropogenic water level fluctuations and
located near the reservoir.

It is mandatory to have at least one representative
station upstream, one within and one downstream
of the river/reservoir so inflows and outflows to
the river/reservoir can be monitored before and
after impoundment.

Diffusion is expected to occur over the entire
surface of the reservoir; whereas, bubbling is
more likely to occur in the area where the depth
is between 1 to 10m. The horizontal resolution
at a sampling station will thus vary, depending
upon the GHG emission pathway being
measured or estimated.

2.2.13 Drawdown zone

All aquatic stations should be classified as being
either in the drawdown zone or in the
permanently flooded water body, because GHG
emissions differ between these zones due to the
presence/absence of vegetation. A representative
station should be identified in each category. The
period when the drawdown zone is flooded should
be identified so that stations there can be
identified as terrestrial or aquatic, and so that all
seasons (with their varying water levels) are
sampled equally. Diffusion and bubbling emissions
can be expected to occur in the drawdown zone.

VALLEY-TYPE RESERVOIR

* Short residence time
* Lateral uniformity and longitudinal heterogeneity

Secondary
inflow

Main inflow

Reservoir

Secondary

Cross-section inflow

DENDRITIC RESERVOIR

* Long residence time
* Lateral and longitudinal heterogeneity

Secondary
inflow

Reservoir

Secondary
Inflow

Cross-section

* Sampling station
within the reservoir

Secondary
inflow

Cross-section

Cross-section

Figure 2.6 — Reservoir types

2.2.2 Vertical resolution

2.2.2.1 Terrestrial ecosystems

In terrestrial ecosystems, flux measurement
systems determine the vertical resolution.
Chambers and incubators measure emissions at

the soil-atmosphere interface while eddy
covariance (EC) systems measure fluxes through
the atmosphere above the land cover. Ideally,
measurement from both strata (above the soil and
above the land cover) should be taken, but this is
usually not feasible.
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Carbon stock values may be estimated or measured
at various levels: aboveground biomass from trees,
shrubs and low vegetation, as well as belowground
biomass from soil and roots. Carbon in soil should
be measured at incremental depths up to 50 cm
(e.g., 010 cm, 20-30 cm and 40-50 cm).

2.2.2.2 Aquatic ecosystems

In aquatic ecosystems, diffusive water-air
interface GHG flux measurements/estimates are
conducted at the water surface only using the
floating chamber method or the thin boundary
layer (TBL) method.

It is important to measure GHG concentrations at
a number of depths near the water intake for
degassing estimates (reservoirs only) and at other
representative stations in the river/reservoir to
determine the impact of water mixing in regions
where this phenomenon occurs (boreal and
temperate regions).

Water samples for carbon stock measurements
should be collected at several depths to represent
the entire water column.

Depth profiling of certain physico-chemical
variables should be performed at a minimum
number of stations to determine whether
stratification occurs.

2.3 Temporal resolution of
sampling

Pre-impoundment inputs from the contributing
areas should be determined prior to reservoir
construction but may be measured after
construction if the post-impoundment upstream
catchment has not been changed from the pre-
impoundment conditions or if reference sites
nearby can be used. This will have an impact on
net emission calculations (Figure 2.1: purple
boxes). Temporal resolution must be established
based on several criteria or sampling constraints as
described below.

e  Practicability. It is probably more practical to
cover temporal variability by taking
continuous measurements at a smaller
number of measurement points, and to visit
more points on a seasonal basis both to
determine spatial variability and to validate
the continuous measurements.

e Temporal variability at the study site. For
example, young reservoirs are expected to
vary more than mature reservoirs.

Continuous measurements should thus be
favoured over field surveys in young
reservoirs, at least during the initial years
following impoundment.

e Spatial variability across the study site.
Continuous  measurements cannot be
conducted at a large number of stations
because of maintenance and cost constraints.
Therefore, if the study site is homogeneous,
continuous measurement can be conducted at
a few selected representative stations.

When field surveys are the only option left,
timing is important and must capture temporal
(diurnal, seasonal and annual) variability. In
each case, the extent of variation must be
assessed, and then the sampling interval
adjusted based on a cost-benefit analysis.

Annual variation is affected by study site age,
climate (e.g., El Nifio and climate change), land-use
changes, extreme events (e.g., fires) and
disease/pest outbreaks. Fires and disease/pest
outbreaks will affect the terrestrial ecosystem
directly, but also affect the aquatic ecosystem
indirectly through leakage effects.

Seasonal variation is affected by seasons,
hydrology/precipitation and drought. The number
of field surveys per year will depend on seasonal
variations specific to each region. In general, there
should be from two (wet and dry seasons) to four
(winter, spring, summer and autumn).

Nycthermal variation is affected by light intensity
and temperature.

2.3.1 Terrestrial ecosystems

Emissions and carbon stocks (primary production
and decomposition) from terrestrial ecosystems
will vary with light intensity and temperature.
Extreme event such as insect outbreak, fire, and
drought can affect the terrestrial ecosystem
dynamics, and subsequently the aquatic one via
run-off. Both soil and land cover GHG flux
measurements may be automated to provide
continuous monitoring. If that is not possible,
diurnal, seasonal and annual variations must be
determined by a set number of field campaigns.

2.3.2 Aguatic ecosystems

Depending on the age of the reservoir, complexity
of the site and available resources, a different
frequency of measurements may be used at each
site. The short-term dynamics of GHG emissions
may be important and it may be necessary to
consider semi-diurnal stratification processes in
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order to provide more accurate gas
measurements. Ideally, variables should be
measured automatically at fixed intervals (e.g.,
every three hours) during the day to account for
diurnal variations. If that is not possible,
nycthemeral variations (time of day and night)
should be determined and a correction factor then
applied to measurements.

Younger reservoirs require more frequent
measurements than mature reservoirs during the
initial years of monitoring. If there are major
seasonal variations, at least four measurement
campaigns per year are necessary, but monthly
monitoring of key variables and GHG fluxes is likely
to be required to capture seasonal variations and
to provide robust mass balance measurements.
Key variations in climatic and local conditions
should be recorded in order to determine the
sampling frequency and strategy.

The seasonal variation of the fluxes of the entire
reservoir system (including the reservoir and river
downstream) must be studied to accurately
estimate reservoir emissions. Emissions may vary
by more than one order of magnitude in the
course of the year due to seasonal variations in
organic carbon supply, age, thermal stratification,
irregular convective mixing, depth and reservoir
operations. Also, significant interannual variations
have been observed. Statistical analysis should be
applied to determine whether monitoring results
in successive years are similar. If this is the case,
future monitoring can be less frequent. If not,
annual monitoring should continue until a steady
state is reached. New reservoirs with high gross
emissions may require longer periods of emission
measurements than mature reservoirs.

monitoring cannot be performed one year, it can
the next with no major loss in information. This is
not true for young reservoirs. Priority should
always be given to monitoring young reservoirs
first, and then older reservoirs.

The period of high initial GHG emissions
characteristic of young reservoirs will vary in
length (one to five years or more) depending on
the quantity and type (lability and carbon content)
of flooded vegetation and soil.

UNFCCC (2007; Appendix 1 — Proposed new
baseline and monitoring methodologies for
estimating GHG emissions from the Bumbuna
Hydroelectric Project, Sierra Leone, CDM-
NMO00121) provides guidance on sampling
approaches for reservoirs.

3 Terrestrial System
Methodologies

2.4 Considerations for young and
mature reservoirs

Young reservoirs are more prone to spatial
variation due to their heterogeneous flooded area
(vegetation and soil types). For example, flooded
peatlands usually emit more than flooded lakes,
rivers or forests in the first year following
impoundment (Blais et al., 2007). This variation
disappears as the reservoir ages (Bastien and Cété,
2007). Hence, more spatially distributed stations
are necessary to account for spatial variability in
young reservoirs. More frequent field surveys are
also necessary to account for the initial increase
and decrease in emissions following
impoundment. Measurements in older reservoirs
are not critical in that if, for any reason,

The terrestrial component includes forests,
peatlands, marshes and swamps. Marshes,
swamps and peatland pools or ponds are at the
limit between the terrestrial and aquatic
ecosystems. The drawdown zone of reservoirs may
be considered as a terrestrial or aquatic ecosystem
depending on the water level. Marshes, swamps,
peatland pools or ponds, and the drawdown zone
of reservoirs may be studied and analysed using
both terrestrial and aquatic variables and
methodologies.

Measurement methods are discussed below under
two separate headings: GHG emissions and carbon
stock. GHG emissions in the terrestrial environment
represent fluxes between the atmosphere and
soils/low vegetation, and between the atmosphere
and land cover. GHG emission methodologies use
direct flux measurements. On the other hand, carbon
stock variables are used to understand changes, and
sometimes to estimate GHG emissions (indirect flux).

3.1 GHG emissions

GHG emissions in terrestrial environments are
dominated by CO,, CH, and N,O. CO, fluxes are
expressed by the net ecosystem exchange (NEE) of
CO,, which represents the balance between CO,
uptake through photosynthesis and release
through respiration at a given moment in time.
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Net ecosystem productivity (NEP) represents the
annual carbon stock change for a specific location,
and includes CH, fluxes, loss of carbon from forest
fires and insect outbreaks, as well as dissolved
organic carbon (DOC) export.

3.1.1 Soil emissions — Soil incubation

Soil emissions can be estimated by the soil
incubation method. Two variants of the
method can be used: air incubation, which
provides an estimation of emissions in
terrestrial environments, or water incubation,
which provides an estimation of emissions in
flooded environments.

The incubation method is used to estimate GHG
emissions from specific soil types under predefined
conditions. Soil samples are collected from the study
area and taken to the laboratory where they are
prepared according to the type of incubation to be
performed, and then placed in incubators under
controlled temperature and/or moisture conditions.
Temperature-controlled rooms or incubators are
necessary for this test. GHG emissions are measured
by putting the incubated soil sample in a sealed
container from which air samples are drawn over a
given period of time. Samples are analysed on a gas
chromatograph for CO,, CH,; and N,O concentration,
and flux is calculated as the change in concentration
over time.

3.1.1.1 Soil collection

A number of methods may be used to collect soil
samples. The method selected depends on the
type of soil (e.g., forest soil or peat) and on specific
soil characteristics (e.g., grain size and root
biomass). The number of samples and type of soils
to be collected depends on the study area.

There are two methods for collecting soil samples
in forest ecosystems: the square template and soil
core methods. Generally, after removing the plant
layer, the organic layer sample is collected using a
knife and square template. The template, made of
wood plastic or metal, is placed on the forest floor
and the organic layer is sliced free using the knife
inside the template. In mineral soil, a steel pipe or
soil core (Figure 3.1) of known diameter (e.g.,
5 cm) is driven into the soil to a known depth (e.g.,
20 cm). In peat, samples are collected using a box
corer (Figure 3.2), which allows simultaneous
collection of both oxic and anoxic peat. The
collected samples are placed in a sealed container,
labelled and taken to the lab where they are kept
in a refrigerator or a cold room at 4°C until
preparation for incubation.

O 50 100 150

Source: Macaulay Soils

Figure 3.1 — Soil Cores

3.1.1.2 Soil preparation

Forest soil samples require preparation before
incubation but this should be kept to a minimum
to prevent unwanted mineralisation before
incubation. For each layer collected, all soil sample
replicates from the same sampling site are mixed
together to obtain one sample per sample plot.
Organic and mineral soil samples are sieved to
remove roots, bark and stones, and to make the
material homogeneous (Paré et al., 2006). Live
sphagnum, wood debris and roots must be
removed from peat samples.

Source: Macaulay Soils
Figure 3.2 — Box Corer

3.1.1.3 Air incubation

The air incubation method may be used to
measure the release of GHGs through soil
decomposition prior to reservoir impoundment.
Temperature and moisture conditions during
incubation should be representative of field
conditions where samples were collected.
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A predetermined amount of soil (volume and
weight) is placed in a container with a plastic mesh
bottom. Paré et al. (2006) used 25 g of organic soil
and 100 g of mineral soil in 150-ml containers. Soil
samples are moistened until saturated and left to
drain for 24 hours. The containers are then placed
in an incubator or growth chamber under
predefined temperature and moisture conditions.

GHG emissions may be measured 48 hours after
the soil samples have been placed in the
incubator. Measurements are made by taking the
plastic container and its soil sample and placing it
in a glass container with a metal lid (Masson jar)
fitted with a septum. Once the glass jar is closed,
gas samples are drawn from the headspace
through the septum using a syringe fitted with a
needle. Samples are analysed on a gas
chromatograph. Flux is calculated as the change in
concentration over time.

3.1.1.4 Water incubation

This type of incubation simulates soil flooded after
reservoir impoundment and is used to measure
potential GHG emissions. Temperature and oxygen
level during incubation should be representative of
reservoir conditions.

A predetermined amount of soil (volume and
weight) is placed in a container. Thérien and
Morrison  (2005) used cylindrical quartz
containers 300 mm in diameter and 300 mm in
height for incubation. The container lid must be
equipped with a septum for collecting gases and
a tube connected to an O, cylinder to oxygenate
the water column and thus simulate oxic
conditions. For anoxic tests, O, must be flushed
from the water and headspace of the container
with nitrogen (N).

At the beginning of the test, the container is filled
with a known volume of water from the river or
lake to be dammed, leaving a headspace for gas to
accumulate. It is important to monitor the water
temperature, oxygen level and pH during the test.
Flux can be calculated by measuring gas
concentrations in the headspace and regressing
them over the incubation time.

3.1.2 Soil/low-vegetation emissions

3.1.2.1 Chamber technique

The chamber technique is the most commonly
used method of measuring gas exchange between
soil/low vegetation and the atmosphere. Basically,
the method consists in placing an open-bottom
chamber on the soil surface and measuring the

change in GHG concentration over time
(Weishampel and Kolka, 2008).

Different chamber designs (steady-state and non-
steady-state) may be used to measure fluxes from
soil and vegetation. This section will focus on non-
steady-state (NSS) chamber design since most
measurements from forest soils, agricultural
systems and peatlands presented in the literature
use this type of chamber. There are also many
advantages in using this design: it is easy to build,
the deployment time for flux measurements is
shorter and low exchange rates may be measured.

Chamber shape and size, and material used will
vary depending on the type of measurement to
be made, height of vegetation and expected flux
rates. The chamber design should be optimised
for study site characteristics. If the chamber is
too large, the rate of change in gas
concentration will be small, and deployment
time longer. If the chamber is too small, it may
not be suitable for all heights of vegetation and
the smaller area covered by the chamber may
not adequately capture the spatial variability.
Site accessibility and equipment transportation
constraints must also be taken into account:
larger chambers can be difficult to carry around.

Flux measurements of CO,, CH, and N,O can be
performed over a period ranging from 2 to 90
minutes or more. The flux measurement period
must be established based on the chamber volume
and the intensity of the respective fluxes. Low fluxes
will require a longer measurement period in order
to reach a good resolution. In the case of CO, (NEE)
measurements, flux rate should be looked at
carefully before deciding on the length of
measurement periods. When measuring
photosynthesis by surface vegetation, CO,
concentration inside the chamber generally
decreases over time. If the measurement period is
too long, vegetation in the chamber is stressed
because of the low CO, concentration in the
chamber. This can result in a variation in flux rate
over time compared to the initial rate when
beginning measurements. The flux measurement
period should cover only the initial stage since
vegetation is then under conditions closer to those
in nature.

Ideally, measurement chambers should be fitted
with a mixing fan to ensure adequate mixing of
gases inside the chamber. Computer fans
connected to a small battery outside the chamber
are generally used. The size and number of fans
should be a function of the volume and shape of the
chamber. Tests should be performed before making
final design decisions. The air displacement
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produced by the fan is also very important. It should
approximate conditions in the environment where
the measurements are to be made since wind
speed may affect the rate of diffusion between the
soil and chamber headspace. It is also an important
factor when measuring net ecosystem exchange.
Plant stomata tend to close when wind speed
exceeds a certain level, and excessive wind speed
can therefore alter CO, absorption by the
vegetation (de Langre, 2008).

Chamber flux measurements should be made
using specially designed sampling collars or frames
(Figure 3.3) permanently installed in the soil where
the measurements are to be made. Installing such
frames in the soil prior to measurements (from 1
hour beforehand in dry, bare sandy soil to several
weeks in advance when roots need to grow back;
Rochette and Bertrand, 2006) will minimize effects
from disturbing the soil and damaging roots. The
frames may be made of plastic or metal, and their
shape will depend on the chamber design. Frames
must have a groove in which the chamber can be
fitted. When filled with water, this groove
prevents air leakage between the chamber
headspace and the atmosphere. It is also possible
to use a rubber gasket and a fastener to clamp the
chamber to the frame and ensure an airtight seal.
It is important to avoid putting weight on the
chamber even though that would help achieve an
airtight seal. Pressure on the soil surface may
induce the release of soil gases.

Source: Université du Québec a Montréal (UQAM)

Figure 3.3 — Plastic Collar Used for GHG Flux
Measurements in Forests and Peatlands

Net ecosystem exchange (NEE) of CO,

NEE from low vegetation can be measured using
clear NSS chambers (Figure 3.4). Measurement
chambers are made of clear acrylic glass to allow
light to enter, and therefore photosynthesis to
occur. This type of chamber must be fitted with a
cooling system to prevent the temperature inside
from increasing (Table 3.1). Temperature increase
inside the chamber could affect plant dynamics and
related fluxes. Conditions inside the chamber
should be kept as close as possible to ambient
conditions at the time of measurement. Time of
deployment should also be taken into consideration
as it may be more difficult to control temperature
over a long deployment time. NEE is measured by
installing the chamber on the collar for a pre-
defined period and by measuring CO, concentration
regularly over that period.

Source: Université du Québec a Montréal
(UQAM)

Figure 3.4 — Clear Chamber for NEE Measurements

NEE measurements are made under different light
intensities or levels of photosynthetically active
radiation (PAR), which will affect flux magnitude
and direction. Under clear blue skies, vegetation
should be absorbing carbon dioxide, and therefore
CO, concentration in the chamber should be
decreasing over the measurement period. At
night, the system should be releasing CO,.
Measurements are more difficult to make in the
dark. To obtain CO, measurements under different
light levels, shrouds can be installed on the
chamber to block part or all of the incoming light
(Figure 3.5). These shrouds are made of mosquito
netting. One or two layers of netting should block
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respectively 50% and 75% of the incoming PAR. A
dark shrouds made with opaque fabric are used to
measure  dark respiration (PAR = Q).
Measurements under different light levels (no
shroud, 50% shroud, 25% shroud and dark shroud)
should be made every time the site is visited for
NEE measurements. The relationship between NEE
and PAR can be obtained by regression of the NEE

Table 3.1 —

List of Material for NEE (CO2) Measurements

flux value with the corresponding PAR measured
inside the chamber at the time of measurement.
The result obtained is an NEE-PAR or light
response curve. The equation for this curve may
later be used to model the fluxes over a longer
period of time if continuous measurement of PAR
is recorded.

Component

Frames or collars

Description

Plastic (e.g., machined blue plastic sewage pipes, see Figure 3.3) or metal

In/out ports (air)

Cooling system

Swedge lock fittings
Polyvinyl chloride tubing 1/8" (3 mm) ID (Fisher 14-169-7A)

Coiled copper tubing, 1/16" (1.5 mm) ID, 1/8" (3 mm) OD
(Cole-Parmer WU-34671-00)

Rule 500 Gph (2000 I/hr) bilge pump

Small cooler for water and ice

PAR sensor

PAR sensor (PP Systems International, Inc., Massachusetts, USA)

Source: Université du Québec a Montréal (UQAM)

Figure 3.5 — Chamber for NEE measurements covered
with a shroud

CH, and N,O fluxes

Chambers for CH, and N,O flux measurements are
generally made of acrylic plastic. Chambers must
be opaque. Open-bottom 18-L water bottles have
been used in various studies (Figure3.6). The
chambers are covered with tin foil or thermal
aluminium foil bubble insulation to prevent
temperature increase inside (Table 3.2).

In order not to disturb the release of gases by
inducing pressure on the soil near the chamber, it is
recommended that wooden planks are installed in
the area of the sampling sites. Samples may also be
taken from the chambers through a 2-m tube with a
3-way stopcock attached to the chamber. If the
chamber is not equipped with a fan, the air in the
chamber headspace can be mixed prior to sampling
using a 60-ml syringe. This would also ensure that
the air in the 2-m tube is representative of that in
the chamber headspace. The air samples may be
collected in crimped pre-evacuated glass vials and
analysed later on a gas chromatograph.
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Table 3.2 — List of Material for CH4 and N20 Measurements

Component Description

Chamber Transparent thermoplastic — acrylic glass or 18-L open-bottom water bottle
Tin foil or thermal aluminium foil bubble insulation

Frames or collars Plastic (e.g., machined blue plastic sewage pipes, see Figure 3.3) or metal

Fan Computer fan

Port (air) Septum or

rubber stopper with 1 hole, size 10 (18-L water bottle chamber)
Polyvinyl chloride tubing, 3/16" ID (Fisher 14-169-7b)

Source: Université du Québec a Montréal (UQAM)

Figure 3.6 — CH4 and N20 flux measurement chamber made
from an open-bottom 18 L water bottle

Gas analysis

Gas can be analysed by gas chromatography or
infrared gas analysers (see Section 5). For CO,, the
use of a portable infrared CO, analyser is strongly
recommended as it provides instantaneous CO,
concentrations and they are cheaper than CH,
analysers (Appendix 2).

Environmental measurements required for
annual modelling

Annual GHG exchanges between terrestrial
ecosystems and the atmosphere cannot be
evaluated simply by looking at gas exchanges
measured inside chambers. Chamber
measurements provide snapshots and
extrapolation is needed to obtain a value for long
periods of time. Fluxes generally correlate well
with environmental controls such as light intensity
and soil temperature. Annual fluxes of GHGs can

be estimated by modelling flux emissions using the
relationships observed between the measured
fluxes and the environmental controls.

Soil temperature

Increasing the soil temperature normally
accelerates decomposition, and consequently
increases fluxes at the soil-atmosphere interface.
Soil temperature is best measured where flux
measurements are taken. Hourly temperature
readings at different depths (depending on soil type
and physical characteristics) over the entire study
period would be ideal. Measured GHG fluxes may
later be regressed against soil temperature at the
time of flux measurement. The relationship that
provides the best coefficient of determination (rz)
should be identified. Its equation should then be
used to model fluxes for the study period.

Different equipment setups can be used to
measure soil temperature: data loggers can be
fitted with air/water/soil temperature sensors or
with insulated thermocouples. The latter option is
more expensive and requires a sealed enclosure
and a 12-V battery.

Photosynthetically active radiation (PAR)

Photosynthetically active radiation (PAR) is the
main control on CO,-NEE. If GHG measurements
are made in an open area, PAR measurements
from meteorological towers would work. If fluxes
are made under a canopy, a PAR sensor should be
installed where the fluxes are measured. As for
temperature, the hourly average PAR over the
entire study period would be ideal. PAR can be
measured with net radiometers (Hollinger, 2008).

Soil moisture

Soil moisture should be measured at several
depths with a moisture probe. Measurements are
recommended at least near the surface (5-10 cm)
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and at mid-profile (50 cm) depths (Hollinger,
2008). A lot of moisture probes include integral
temperature sensors (Hollinger, 2008).

3.1.2.2 Eddy covariance tripods

Eddy covariance measurements can be performed
using tripods installed in low vegetation areas such
as grasslands or peatlands. Eddy covariance is
treated in Section 3.1.3.2 on direct measurements
from land cover.

3.1.3 Land cover emissions

Indirect measurements of land cover emissions are
based on net ecosystem production (NEP) estimates
using measurements of the most important
biological processes, while direct measurements of
land cover emissions are based on net ecosystem
exchange (NEE) estimates using eddy covariance or
micrometeorology. NEP and NEE are equivalent
terms that refer to the balance between uptake and
release. However, NEP values usually have a
positive sign to refer to accumulation of carbon by
the system (the biologist’s standpoint) while NEE
values usually have a negative sign to refer to
absorption of carbon from the atmosphere (the
meteorologist’s standpoint).

3.1.3.1 Indirect net ecosystem production
(NEP) measurements

Indirect NEP estimation requires many types of
measurements to cover all biological processes
involved and is thus fraught with possible
manipulation errors. Furthermore, it is practically
impossible to measure all biological processes
involved. Direct measurement of NEE should thus
be preferred over indirect measurement, unless
NEP (NPP and decomposition) values are available
in the literature. Regardless of this, a good review
of measurement methods for forest carbon
monitoring is given in Field Measurements for
Forest Carbon Monitoring (Hoover, 2008). The
main processes to monitor and the names of
frequently used methods are given below for
information purposes without expanding on each.

Determining net primary production (NPP)

NPP estimates may be obtained from the
literature or from a combination of measurements
and allometric equations.

Available data from literature

NPP data from various vegetation types can be
obtained from the literature (mainly governmental
or national sources). For example, the Oak Ridge

National Laboratory’s Distributed Active Archive
Center (ORNL DAAC) gives free access to NPP
measurements from various sites around the
world: http://daac.ornl.gov/NPP/npp_home.html

IPCC (2003) also presents aboveground NPP (ANPP)
by climate zone. NPP values from the literature may
be used to estimate NEP, but information must then
be obtained for heterotrophic respiration or
decomposition (see below).

Biometric measurements

NPP can be expressed as the sum of increments in
live plant mass and dead plant mass, and
increment lost to herbivory:

NPP=L+D+H

where L is the increment in live plant mass, D is
the increment in dead plant mass, and H is the
increment lost to herbivory (Curtis et al., 2002).

Increment in live plant mass L: Annual wood
increment can be estimated by measuring the
change in diameter at breast height (DBH) using
band dendrometers (Curtis et al., 2002). The
average annual increment in aboveground
biomass by broad category and for all continents is
also available from IPCC (2003).

Increment in dead plant mass D: Annual
production of fine litter (leaves, flowers, fruits,
etc.), or litterfall, can be estimated by using
baskets placed on the forest floor. Baskets are
emptied periodically, and their contents are dried
and weighed (Curtis et al., 2002; Bernier et al.,
2008). Branchfall can be estimated by a
combination of fine litterfall traps, forest floor
branchfall traps and line transects for coarse
woody debris (Bernier et al., 2008).

Increment lost to herbivory H: Loss of leaf carbon
to herbivores is estimated by collecting leaves
prior to abscission and comparing their remaining
area to that of undamaged leaves of the same size
(Curtis et al., 2002).

Determining heterotrophic respiration (Rh) or
decomposition

Decomposition should be measured/estimated in
three compartments: dead wood, litter and soil.
Soil decomposition is the main contributor to Rh
(Curtis et al., 2002).

Decomposition of down dead wood

Key factors affecting decomposition of dead
wood are moisture, wood quality (density and
chemistry), size (diameter and length), and
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position (contact with the ground) (Scott and
Brown, 2008). The most common methods for
measuring the decomposition of dead wood are
based on chronosequences of dead-wood
samples, the time series approach and
measurements of rates of dead-wood
respiration across a range of decay classes (Scott
and Brown, 2008).

Litter decomposition

Litter decomposition rates are controlled by four
main factors: temperature, moisture, litter quality
and faunal community structure (Karberg et al.,
2008). Methods of estimating litter decomposition
employ mass balance, litter-bags, tethered leaves
and the cohort layered screen approach (Karberg
et al., 2008).

Soil decomposition

Soil decomposition (respiration by heterotrophs) is
equal to total soil respiration minus root
respiration (respiration by autotrophs). There are
five main source of CO, efflux from soil (total soil
respiration): root respiration, rhizomicrobial
respiration, decomposition of plant residues, the
priming effect induced by root exudation or by
addition of plant residues, and basal respiration by
microbial decomposition of soil organic matter

- Total CO,, efflux from soil >

Microbial respiration / respiration by heterotrophs ——————*
Rhizosphere-derived COz ‘i

(Kuzyakov, 2006). Kuzyakov (2006) summarises the
methods for partitioning total CO, efflux from soil
into root-derived CO, and soil organic matter
(SOC)-derived CO, (Figure 3.7). Other methods are
then required to distinguish root-derived CO, as
being either root respiration or rhizomicrobial
respiration (Kuzyakov, 2006). For both, isotopic
and non-isotopic methods can be used (Kuzyakov,
2006). A review of approaches to estimating
respiration by autotrophic and heterotrophic
organisms in soil is also given by Kuzyakov and
Larionova (2005).

Total soil respiration can be quantified using
closed-system chambers, open-system chambers
and flux gradient sensors (Bradford and Ryan,
2008). Closed-system chambers are commercially
available for soil CO, efflux measurements.
However, there must be some means of
separating root respiration from total soil
respiration (see Kuzyakov, 2006, and Kuzyakov and
Larionova, 2005), such as with models
incorporating soil temperature and moisture (Tang
et al, 2005) or by performing direct
measurements of rhizosphere respiration (root
and rhizomicrobial respiration) with potted plants
in the laboratory or with a field root respiration
chamber (Kutsch et al., 2001)

i
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Figure 3.7 — Source of CO2 Efflux from Soil

Page | 90



Greenhouse gas emissions related to freshwater reservoirs: World Bank Report - January 2010

Calculating net ecosystem production (NEP)

NEP is the difference between NPP and Rh:
NEP = NPP — (Rh,, + Rh, + Rh;)

Where Rhp., is heterotrophic respiration from dead
wood, Rh; is heterotrophic respiration from litter,
and Rhg is heterotrophic respiration from soil.

3.1.3.2 Direct net ecosystem exchange (NEE)
measurements — Eddy covariance towers

Direct NEE measurements are made using
micrometeorological techniques. These techniques
can provide direct, continuous, large-spatial-scale
measurements of NEE. The current standard in
ecosystem-scale trace gas measurement is eddy
covariance (EC). A global network of tower flux
stations has arisen in the past few decades and
continues to expand into more remote regions and
less accessible ecosystems.

The eddy covariance method is the only flux
measurement technique that allows direct
measurement of the net ecosystem exchange
(NEE) of CO,, i.e., the net vertical flux of CO, over a
given ecosystem (Baldocchi, 2003). Atmospheric
scientists typically use the meteorological sign
convention, where negative NEE values represent
a net uptake of CO, by the ecosystem, and positive
values indicate a net release into the atmosphere.
NEE relies on the movement of the atmosphere
where individual turbulent eddies transport
different scalars (CO,, H,0) away from and
towards the surface. The net ecosystem exchange
can be decomposed into the sum of a turbulent
component, a storage component and an
advective component.

In the atmosphere, turbulence occurs across a
frequency spectrum. In order to measure the
rapid fluctuations in concentrations and wind
speeds, fast-response sensors are used and
measurements are commonly recorded at 10 or
20 Hz (i.e., ten or twenty measurements per
second). Measurements are then averaged,
typically over a 30-minute period, which captures
all  turbulent fluctuations (operating at
frequencies of less than 30 minutes), while
excluding the influence of longer time scale
phenomena (weather patterns). Using the high-
frequency data, the turbulent vertical flux of CO,
(F.), for instance, is obtained by the covariance
between the instantaneous departure (w’) from
the mean vertical wind speed with the
instantaneous departure (C’) from the mean gas
concentration as

F. =pwC’

where p is air density and the overbar indicates a
time average.

The storage flux (F;), i.e., the rate of change in
storage of CO, in the column of air below the
instrumentation height, can be calculated based
on Morgenstern et al. (2004) as

Fo=hm Po(8S ./ 0t)

where hp, is the measurement height, P, is the

mean molar density of dry air, and S . is the mean

CO, mole mixing ratio. Agc is the difference
between S, of the subsequent and previous half-hours.

The use of eddy covariance relies on several
assumptions to ensure that what is measured
adequately represents the surface of interest: the
tower must be installed over a flat, uniform
surface so that the average vertical wind speed is
zero and flow divergence or convergence is
negligible (thus making it possible to ignore the
advective component, which is difficult to
measure); the flow is fully turbulent so that
transport is by turbulent eddies; the upwind edge
of the surface of interest is sufficiently far away for
the boundary layer to have fully adjusted to the
surface of interest; and the position of the tower
represents the ecosystem of interest for most of
the prevailing wind directions.

Use and applications

The main instruments used in EC are the three-
dimensional sonic anemometer, which measures wind
speed along three axes (the mean flow direction,
perpendicular to the mean flow, and vertically), and an
infrared gas analyser (both open-path and closed-path
IRGAs can be used), which measures the
concentration of CO, and water vapour. A fast-
response thermocouple is often added for the
measurement of sensible heat flux. Instrumentation
has now also become available for fast-response
measurement of methane concentration. A fast-
response data logger is used to operate the system
control and data handling programs. Fluxes are
typically calculated in real time and are saved along
with the raw high-frequency data on 1- or 2-GB
compact flash cards. Depending on the application and
sampling frequency, autonomous readings for up to
one month are possible.
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EC instruments are mounted on the top of tripods
(e.g., in peatlands) or on tall towers (e.g., in
forests), and oriented toward the dominant wind
direction. These systems are supplemented by
standard meteorological instrumentation,
including short- and long-wave radiative inputs
and outputs, temperature, humidity, precipitation,
and wind speed and direction. Several good
reviews of eddy covariance methods,
instrumentation and assumptions have been
published (e.g., Goulden et al., 1996; Lee et al.,
2004; Moncreiff et al., 1996; Pattey et al., 2006).

The main advantage of the EC method is that it
provides continuous, spatially averaged
measurement of the net vertical exchange of
carbon, energy and water between the
atmosphere and a surface, with minimal
disturbance to the environment. The source area
or flux footprint (i.e., the area upwind of the tower
that is contributing to the measured fluxes), can
be hundreds of square metres in size depending
on instrumentation height, surface roughness and
thermal stability. Schmid (1994, 2002) gives good
definitions and approaches for calculating source
areas. Data sets enable interpretation and
comparison of GHG emission patterns on multiple
time scales (hourly, seasonally or annually). EC can
also provide winter emissions, which are often
lacking with other techniques.

Such systems have been used successfully in remote
field settings. Typically, power is supplied through
deep-cycle marine 12-V batteries that are trickle-
charged by a bank of solar cells or a wind generator
system. When properly designed and insulated, such
power systems run continuously year round, even
through harsh northern winters. Where the power
supply is an issue, the open-path IRGA is preferred
because it does not require a pump and therefore
power requirements are much lower. The open-path
IRGA is limited in its use to periods without
precipitation as the lens must be clear of physical
obstruction. Where mains power is available, a
closed-path IRGA can provide better all-weather data
coverage. A cell modem can be used to communicate
remotely with the logger. While transfer of the high-
frequency data is not yet practical, this remote
system check can be useful in timing the deployment
of personnel to the field location.

Data processing for EC

With the EC technique, users must perform
additional steps as part of the flux calculations,
e.g., axis rotation, de-spiking, detrending and
density corrections. Subsequent data processing
includes thorough quality control and gap filling.
Since the EC technique relies on turbulent

mixing of the air, one EC limitation is that it
does not give good measurements during
periods of low or intermittent turbulence, such
as typically occur during calm nights. Data
quality control must be performed to
meticulously identify periods when data is not
reliable. Such techniques often use a
turbulence threshold criterion (e.g., friction
velocity) for accepting data. Following quality
control and after rejection of data due to
instrument malfunction and maintenance, it is
common that gaps occur in the data sets. Such
gaps may, however, be filled |using
internationally accepted approaches based on
models representing basic ecosystem
processes (e.g., Falge et al., 2001). Since
ecosystem respiration (ER) is mainly driven by
temperature, an exponential relationship
between night time NEE and soil temperature
is commonly used to model ER for periods
when gross ecosystem productivity (GEP) is
assumed to be zero, i.e., at night and in the
winter. This respiration model is also used to
model day time respiration. Knowing that
NEE = ER — GEP, it is possible to estimate GEP
for the growing season. |In terrestrial
ecosystems, photosynthetic CO, uptake is
mostly controlled by photosynthetically active
radiation (PAR). The “measured” GEP values
are thus used to build a hyperbolic relationship
between GEP and PAR, which allows the
modelling of GEP when NEE is missing. The NEE
time series can then be reconstructed by
subtracting modelled GEP from ER for missing
periods. This is why it is essential to
continuously monitor meteorological variables.
Such ancillary variables are also useful in
examining the dominant factors controlling
GHG fluxes in response to changes in
environmental conditions.

In order to optimise the use of the EC technique,
basic scientific knowledge of the physical
properties of the atmosphere is required, along
with some statistical background. The processing
of EC data is quite complex and requires a
significant amount of programming before the flux
data can be used in a meaningful way. Most
scientists using this technique use in-house scripts
(e.g., Matlab) to perform the different processing
steps. The use of this technique also requires
regular calibration of the IRGA and maintenance of
the systems. Significant person-hours are
therefore required both in the field and for
processing the data.
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3.2 Carbon stock

The evaluation of the carbon stock present in the
area to be flooded by the reservoir, and in
reference terrestrial sites, is a critical measurement
as it can be used as an indicator of future reservoir
GHG emissions; GHG emissions are proportional to
the content of organic matter flooded.

Biomass includes aboveground and belowground
biomass. This living biomass consumes and
produces CO, by photosynthesis and respiration,
respectively. Biomass gains include total biomass
growth from the aboveground and belowground
biomass. Losses are caused by decomposition,
harvesting, burning or natural disturbances such as
insects and diseases. Carbon stock also includes
dead organic matter and carbon and nitrogen in
forest floor and soils. Dead organic matter
comprises dead wood and litter. Carbon from this
carbon pool is emitted over years to decades as
dead organic matter decomposes. Decay rates
vary between climates and regions.

A good review of measurement methods for forest
carbon monitoring is given in Field Measurements
for Forest Carbon Monitoring (Hoover, 2008). The
sections below outline the compartments where
carbon stock should be measured and mention
existing methods. Alternatively, values from the
literature can be used to roughly estimate carbon
stock from terrestrial environments if empirical
data or pre-impoundment measurements are
lacking, or to check the order of magnitude of
measurements. For example, IPCC (2006) gives
information on:

e Average aboveground forest biomass by
domain, ecological zone and continent
(Chapter 4)

e The ratio of belowground biomass to
aboveground biomass for forests (Chapter 4)

e Average total grassland biomass (above- and
belowground) by climate zone (Chapter 6)

Carbon stock from every compartment should be
summed to determine the global carbon stock
from the terrestrial ecosystem.

3.2.1 Aboveground carbon pools

Aboveground carbon pools include biomass in
trees, shrubs, grasslands and peatlands, and
dead organic matter in forests, peatlands and
grasslands. The sections below present specific
methods for estimating biomass from each type
of vegetation and for estimating dead organic
matter above ground.

3.2.1.1 Biomass in trees

Biomass in trees can be estimated based either on
allometric equations using widely accepted
forestry variables or on satellite imagery.
Allometric biometric
measurements

equations and

Aboveground biomass in live and standing dead
trees can be estimated by allometric equations
relating DBH to bole, branch and stump biomass
(Curtis, 2008; Curtis et al., 2002). The total
aboveground dry mass of an individual live tree i of
species x can be estimated with a typical
allometric equation of the form:

~

M, = aD)?i

where D,; is diameter at breast height (1.37 m),
and a and b are parameters obtained from
species-specific fitted curves (Curtis, 2008). Plot-
level aboveground mass, M, can be summed for n
individuals of m species:

n m ~
M, = E E M
i=1 x=1
There are two important points to consider when

using allometric equations to estimate biomass
(Curtis, 2008):

® Correction factors should be used if allometric
parameters a and b were derived from
logarithmic regressions. Those corrections
factors are usually published along with
allometric parameters a and b.

e Selection of the more species- and site-
specific equations is critical. Species-specific
and general hardwood equations are
available in the literature for some parts of
the world (Ter-Mikaelian and Korzukhin,
1997; Jenkins et al., 2003).

A snag is a standing dead tree with an angle of lean
of 45° or less from the vertical (Curtis, 2008). Those
leaning more than 45° are treated as dead organic
matter (see Section 3.2.1.5). If the snag is not
broken, it can be estimated from the living tree
allometric equation as described above. Otherwise,
the remaining bole wood volume must be
estimated by measuring the snag height (H) with a
clinometer, and the area at its base (A4,) and top (A;)
(Curtis, 2008). A; can be measured from remains
found on the ground or estimated visually. Two
volume equations can be used, depending on
whether the snag volume is estimated as a cone or
paraboloid form (Curtis, 2008):

Page | 93



Greenhouse gas emissions related to freshwater reservoirs: World Bank Report - January 2010

V=H*(A+(A*A)®+A)/3
V=H*(A+A)/2

V must be converted to M ; using the density

i
of the snag wood, which is function of species and
decay class (Curtis, 2008). Density data can be
found in the literature but snag cores may be

needed to determine density on site.

In the field, the following rules should be followed
(USDA, 2006; Curtis, 2008):

e Data should be collected at the following
levels:

» Plot — Data that describe the entire
cluster of four subplots (Figure 3.8).

» Subplot — Data that describe a single
subplot of a cluster.

» Condition class — A discrete combination
of landscape attributes that describe the
environment on all or part of the plot.
These attributes include condition class
status, reserved status, owner group,
forest type, stand size class, regeneration
status and tree density.

» Boundary — An approximate description

of the demarcation line between two
condition classes that occur on a single
subplot, microplot or macroplot. There is
no boundary recorded when the
demarcation occurs beyond the fixed-
radius plots.

» Tree — Data describing saplings with a
diameter of 2.5 to 12.6 cm, and trees
with a diameter of 12.7 cm or more.

» Seedling — Data describing trees with a
diameter of less than 2.5 cm and a length
of either 15.2 cm or more (conifers) or
30.5 cm or more (hardwoods).

» Site — Tree data describing site index trees.

All trees within a plot should be tagged with
ID numbers.
Diameter are measured either at breast
height, 1.37 m above the ground on the uphill
side of the tree, or at the root collar for
woodland species. The point of measurement
should be marked for remeasurement
purposes.

Trees having forked below 1.37 m are treated

as separate trees. Other special cases are

treated by the USDA (2006).

Dead tree decay class should be noted as

described in Figure 3.9

Macroplot =0.10 ha

(18-m radius)

Subplot =0.017ha
(7.3-m radius)

Microplot = 0.001 ha
(1.9-m radius)

Transects =7.3m
(120° angles)

Source: Chojnacky and Milton, 2008
Figure 3.8 — Forest Sampling Plot Set-U
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Decay Limbs and % Bark

To Sapwood presence
branches P Remaining

and condition* Heartwood condition*

class stage
(code)

Intact; sound, incipient decay,

1 All present Pointed 100 . Sound, hard, original color
hard, original color
Few limbs, no May be . Sloughing; advanced decay, fibrous, Sound at base, incipient decay in
2 ) Variable ) ; outer edge of upper bole, hard,
fine branches broken firm to soft, light brown . X
light to reddish brown
A . Incipient decay at base, advanced
3 Limb stubs only Broken Variable Sloug?;nfé;;t?gﬁu;;:zzt, light decay throughout upper bole,
fibrous, hard to firm, reddish brown
. Sloughing; cubical, soft, reddish Advanced decay a.t base, sIoughmg
4 Few or no stubs Broken Variable from upper bole, fibrous to cubical,
to dark brown R
soft, dark reddish brown
Sloughing, cubical, soft, dark
5 None Broken Variable Gone brown, OR fibrous, very soft, dark

reddish, brown, encased in
hardened shell
* Characteristics are for Douglas-fir. Dead trees of other species may vary somewhat. Use this only as a guide
Source: USDA, 2006
Figure 3.9 — Tree Decay Class

Handbooks on forest ecosystems and forest
mensuration may be consulted for more details on
allometric equations and biometric
measurements. The USDA National Core Field
Guide (Appendix 1 — Forest Inventory and Analysis
National Core Field Guide. Volume 1, Field Data
Collection Procedures for Phase 2 Plots) gives
valuable information on field data collection.

Satellite imagery

Spatial and temporal variations in aboveground
biomass can be derived from satellite remote
sensing data. First, a field-based relationship
between the normalised difference vegetation
index (NDVI) and aboveground biomass must be
established. Based on this relationship, available
satellite imagery can then be used to extrapolate
biomass to a larger area of similar vegetation.
Spectral measurements in each quadrat are
sampled with a field spectroradiometer. The NDVI
is computed from red and NIR reflectance
(Kobayashi and Kato, 2007).

3.2.1.2 Biomass in shrubs

A shrub is a woody plant that generally has
multiple basal stems growing from the same root
system. For this reason, specific biomass methods
exist for shrubs, as described in Chojnacky and
Milton (2008). Existing methods are described
briefly below. In each method, shrub cover or

basal area is measured in the field, and biomass is
estimated from those measurements (Chojnacky
and Milton, 2008).

Transect intercept cover sampling

The point intercept method records shrub
vegetation that intercept a pole perpendicular to a
transect at specified sampling intervals (Chojnacky
and Milton, 2008; Figure 3.10):

e Establish transects from the subplot centre
(Figure 3.8).

e Offset shrub-measurement transects
from deadwood transects to minimize
site disturbance.

e At each sample point along the transect,
record the highest intersection of vegetation
hitting the pole. Alternatively, the highest
intersection among height classes can be
recorded for greater detail.

® Vegetation hits can be recorded at species
or species group level, depending on the
detail desired.
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transect line

Source: Chojnacky and Milton, 2008

Figure 3.10 — Shrub Point-Intercept Method

Percent shrub cover is calculated by summing the
number of sample points where vegetation
intersects, or hits, the pole and dividing by the
total number of points sampled:

. Pijk
cover, = Z;lOOW

where COVEl; is the percent shrub cover for

height j of species or species group k and Pijk =1if
foliage intercepts sample pole at point i for height
layer j of species k and Pijk = 0 otherwise. N is the

total number of points sampled in layer j for all
transects on the plot. An equation to convert
shrub cover to biomass must then be constructed.
Only a few equations exist in the literature.

The line-intercept method is a variant of the
previous method that records vegetation cover by
measuring the length (horizontal distance) of
shrub cover that intersects the transect (Chojnacky
and Milton, 2008; Figure 3.11).

Visual cover sampling

Visual cover can be estimated visually to the
nearest percent or within predetermined cover
classes (1%-5%, 6%—10%, 11%—20%, 21%—-40%,
41%-60%, 61%—80% and 81%—100%). Visual cover
estimates can be performed within identified
(flagged) microplot boundaries using percentage
area guides for aiding visual estimation. It is useful
to divide the microplot into four quadrants,
estimate each of them separately and then
average the results (Chojnacky and Milton, 2008).
Two or more persons can make independent
estimates in order to reduce subjectivity. A variant
of this method adapted for small shrubs consists in
performing visual cover estimation in small
quadrats (1 m’ or smaller) spaced along transects

radiating from each subplot (Chojnacky and
Milton, 2008).

transect line

measure —
measure —| sl !
; g
g A P i imE
¥ S Sl
Mmeasure — S eI “\\‘/F;ff"
measure —|

measure

fransect line

Source: Chojnacky and Milton, 2008

Figure 3.11 — Shrub Line-Intercept Method

Diameter measurements

In this method, the basal diameter of each shrub in
a microplot is measured at the root collar
(Chojnacky and Milton, 2008). A minimum
diameter should be set to simplify measurements.
Shrub stems not included because of their small
diameter might be included in herbaceous cover
measurements, or just ignored, given their small
incremental value (little carbon content for the

field effort required). Total basal area (Yk) for

species k (mz/ha) can be computed as follow:

v :i adrc2
‘4400004,
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where drcik is the diameter near the root collar

for stem i of species k (cm), Anp is microplot area

(ha) and S is the total number of stems for species
k measured on the microplot. Biomass can be
computed with an appropriate diameter-based
regression equation. This method is the most
labour-intensive, but more objective in estimating
shrub cover biomass.

Regression between cover or basal area and
carbon content

To estimate biomass using the methods
mentioned above, a regression must be
developed between cover or basal area and
shrub  weights taken from subsamples
(Chojnacky and Milton, 2008):

biomass; = Exp[aln(cover) +b]
biomass, = Exp[aln(drc) + b]

where biomass; is the total shrub dry weight
(Mg/ha) and biomass, is individual shrub stem or
plant dry weight (kg/plant). Biomass can be
estimated by various methods such as those
proposed and described by Gregoire et al. (1995):
randomised branch sampling (RBS), importance
sampling (IS) and two-stage (RBS and IS) sampling.

3.2.1.3 Biomass in grasslands and peatlands

In the case of areas with low vegetation, such as
grasslands and peatlands, it is possible to estimate
aboveground biomass by clipping vegetation inside
quadrats, sorting it into foliar and woody tissues,
oven-drying it at 80°C over 24 to 48 hours and
weighing it (Bubier et al., 2006). Belowground
biomass can be determined by excavating
guadrats, sorting living biomass from dead organic
matter, oven-drying it at 80°C over 24 to 48 hours
and weighing it (Moore et al., 2002).

3.2.1.4 Dead organic matter in peatlands
and grasslands

In peatlands, dead organic matter can be
determined by excavating quadrats, sorting dead
organic matter from living biomass, oven-drying it
at 80°C over 24 to 48 hours and weighing it (Moore
etal., 2002).

3.2.15 Dead organic matter in forests

In forests, dead organic matter is comprised of
coarse woody debris or logs. The most popular
methods for estimating dead organic matter in logs
are line intersect sampling, plot sampling, transect

relascope sampling, plot relascope sampling, the
prism sweep method and perpendicular distance
sampling (Valentine et al., 2008). Methods vary in
that the probability of a log being included when
sampling may depend either on its length or
volume. Ideally, probability of inclusion should
depend on volume since it is this variable that is
directly linked to the carbon content. This is the
case with perpendicular distance sampling
(Valentine et al., 2008):

e Select sample points using a systematic grid.

e |dentify the log’s inclusion zone which is
proportional to the log’s volume (Figure 3.12,
left).

® Measure the perpendicular distance, D, from
the log (including branches) to the sampling

<
point. The log is selected if D < KVa where
a is the cross-sectional area of the log at the
point of intersection with the perpendicular

line, and KV is a constant fixed by the user

(Figure 3.12).

e (Calculations are described by Valentine et
al. (2008).

Figure 3.12 — Log Perpendicular Distance Sampling
Method - Area of Inclusion (above) and Cross-
Sectional Areas (below)

Source: Valentine et al., 2008
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3.2.2 Below-ground carbon and
nitrogen pools

Below-ground carbon and nitrogen pools include
the forest floor (organic horizons), the mineral soil
carbon content (mineral horizons), and root
biomass (Burton and Pregitzer, 2008). Soil carbon
stocks are one of the largest carbon pools in forest
and wildland ecosystems (Burton and Pregitzer,
2008). Coarse root biomass can also be a large
pool with typical values of around 20% to 30% of
the aboveground carbon content in wood (Burton
and Pregitzer, 2008).

Soil classification may be required to identify the
type of horizons likely to be found in the project
area. Classification typically distinguishes the
organic (L, F, H) and mineral (A, B, C) horizons.
Soils are a mixture of organic and inorganic
constituents that are in solid, gaseous and
aqueous states. The soil lies below the litter and
has a smaller particle size. Organic soils (peat and
muck) have a minimum of 12% to 20% of organic
matter by mass, whereas all other soils are
considered mineral soils (/IPCC, 2006).

3.2.2.1 Carbon and nitrogen in forest floors

Forest floors can be sampled using 30- x 30-cm
frames, separating material from each organic
horizons, drying at 70°C for 48 hours, weighing,
grinding, and analysing for elemental carbon
(Burton and Pregitzer, 2008).

3.2.2.2 Carbon and nitrogen in mineral soil

Mineral soil carbon content can be obtained using
volumetric pits or core sampling to a depth of at
least 30 cm for annual vegetation, and 60 cm or
more for perennial vegetation (Ellert et al., 2008;
Burton and Pregitzer, 2008). Beneath 70 cm,
additional samples for soil carbon and nitrogen
analysis may be obtained using soil augers (Burton
and Pregitzer, 2008). As a general rule samples
should be collect to a depth of 50 cm and taken at
incremental depths (for example: 0-10 cm, 20-30
cm and 40-50 cm).

A. QA/QC procedures should include the
following steps (Burton and Pregitzer, 2008;
MDDEP, 2008):

e Wash and brush sampling instruments, e.g.,
shovel, corer, auger or tube (Figure 3.13),
with water, acetone, hexane and again with
acetone, in that order, to prevent
contamination of soil samples. Washing
should be performed between each
sampling site and each depth increment.
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Washing liquids should be recovered and
disposed of in an appropriate place.
Instruments may be wrapped in aluminium
foil between washing and sampling.

Perform mineral soil carbon content sampling
first and then forest floor sampling at the
same sites to avoid mixing litter or organic
horizons with the mineral horizons.

Perform pit widening between depth
increments (Figure 3.14).

Mix samples from each depth separately to
obtain a homogeneous mixture. If the soil
contains large particles (> 2 mm), it should be
sieved to collect only the fine portion, which is
more subject to bacterial degradation.

Fill glass bottles (250 ml) with soil using a
spoon or spatula. Do not leave any free
space. The laboratory usually supplies pre-
washed glass bottles.

Take 10% of the samples in duplicate.

Keep samples at 4°C in the dark before analysis.
Send samples to a specialised lab.
Alternatively, soil samples may be prepared
and analysed using a TIC/TOC analyser as
described in Section 4.2.3.

poignée

types d'échantillonneurs

Figure 3.13 — Auger (above) and
Tube (following page) for Soil Sampling
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required to fill the hole. The volume
determination using the foam method
involves the following steps:

» raceord aux tiges de forage » Insert markers at each depth
1 increment (pit widening should not
N __~téte have been performed).
Q WY » Fill the entire core hole with polyurethane
____' foam, place a cardboard and weight to

seal the surface, and wait eight hours to
let the foam expand and fill irregularities.
vis do serrament » In the laboratory, foam casts are cut into
segments corresponding to depth
- increments and sprayed with water-
! resistant clear-gloss urethane to create a
'| ‘-\ waterproof seal.

I tube » The volume for each depth increment is
determined by water displacement.

| C. Separate the stone and soil fractions, and
determine their density in order to ensure
accurate estimates of carbon stock per unit
area (Burton and Pregitzer, 2008; Figure 3.15).

mass (Mg > 10 mm and 2—10 mm) divided by

1

l I D. The volume of stones is determined by their
|

' their density (Ds): VSt = MSt / DSt-

» The bulk density (Dg) is determined by the

total dry mass of all material (stones,

o ___I_j organic material, soil < 2 mm, coarse

i-_l-- roots and fine roots) in the depth

increment divided by the total volume of
the depth increment: D, = M /V; .

» The volume of the fine fraction (V < 2

Source: MDDEP, 2008 mm) is equal to the total volume minus
the volume of the stone fraction and the

volume of the coarse-root fraction (V¢ >

10 mm in diameter):
$Soll removed during pit widening prior to sampling next depth increment — _ _
VF _VT VSt VCR'
> The fine fraction density (Dg) s
0-30cm determined by the mass of the fine
WOL.... W fraction (M) divided by its volume:
o Met ! D.=M_/V_.
: in:r:pntazm : S0=s0cm A\ - F F H H H
P » Total carbon stock is obtained by adding

the carbon stock (sc) of each depth
increment sampled. Calculation of carbon

Source: Burton and Pregitzer 2008 . .
stock for each depth increment is equal to:

Figure 3.14 — Pit Widening between Soil Depth S = T| X [(CFS x M FS) + (COM X MOM )]
Increment Sampling c V.
.
B. Determine sample volume using the water where T, is the thickness of the depth
method or foam method. The water method . C..i
. . . . increment, Fs is the carbon
consists of placing a plastic bag in the core ) ) )
hole and recording the volume of water concentration of material passing the
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2-mm  screen, COM is the carbon

concentration of organic material >
2 mm (other than coarse roots > 10 mm

in diameter), MFS is the mass of

material passing the 2-mm screen, MOM

is the mass of organic material > 2 mm
and VT is the total volume of the depth
increment.

» The C:N ratio for each soil fraction should
be determined and used as an indicator
of biological availability.

SAMPLING OF DEPTH

INCREMENTS - Water method
- Soil auger - Foam method
- Tube
- Shovel and trowel

of stone and soil fractions

<10 mm

SIEVING 2 mm

<2 mm

Dry (70° C for 48 hours),
grind, weigh and analyze
for C/N content

Separation and density determination

>
SIEVING 10 mm | 10 mm

>2 mm

SAMPLE VOLUME DETERMINATION

Determine:
- weight
STONES - Yolume by displacement
- density
ROOT > 10 mm N
ORGANIC Determine:
- diameter
A - length
Remaining - Yolume
sample
Dry (70° C for 48 hours),
grind, weigh and analyze
for C/N content
STONES Weigh
ORGANIC

Figure 3.14 — Mineral Soil Sampling

3.2.2.3 Carbon in roots

Destructive methods exist for measuring carbon
stored in root, but are labour-intensive.
Belowground biomass can be derived from
allometric equations relating DBH to woody root
mass (Burton and Pregitzer, 2008). For most tree
species, only general relationships are available, in
which belowground wood mass is set at a fixed
fraction of aboveground wood mass (Curtis et al.,
2002). Alternatively, carbon concentration of all
coarse roots may be assumed to be the same as
coarse roots sampled within the soil pits (Burton
and Pregitzer, 2008; see Section 3.2.2.2).

3.2.24 Dissolved organic carbon

Lysimeters are used to collect samples in
unsaturated soils, while wells and piezometers are
used where water tables are present (Kolka et al.,
2008). Lysimeters can be installed between the

organic and mineral horizons to determine the flux
of carbon between the two, and in or below the
mineral horizon to determine the quantity of
carbon leaving the ecosystem (Kolka et al., 2008).
Filtration using a pore size of 0.45 um is necessary
to retrieve particulate organic carbon (Kolka et al.,
2008). See Section 4.2.3 for elemental C analysis.

DOC fluxes can be estimated by multiplying DOC
concentration by the water flux. At the watershed
level, flow can be measured at a weir or flume
(Kolka et al., 2008).

3.2.3 Mass-to-carbon conversion

The relation between biomass and carbon is
species-specific and tissue-specific: the carbon
content of woody mass varies across constituent
tissues, such as bark, sapwood and hardwood,
depending on tree species (Curtis, 2008). A
bioassay should be performed to determine the
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actual relation between biomass and carbon. As a
rule of thumb, the carbon content equals 50% of
the biomass weight (Valentine et al., 2008). Some
species-specific relations of biomass to carbon
content are presented in Chapter 4 of IPCC (2006).

3.2.4 Total terrestrial biomass

Biomass measured or estimated from the
aboveground (Section 3.2.1) and belowground
(Section 3.2.2) pools should be summed to gauge
the total terrestrial carbon stock. The DOC fraction
(Section 3.2.2.4) of the total carbon stock is
important to determine leakage of carbon
between terrestrial and aquatic ecosystems.

4 Aquatic System
Methodologies

Similarly to terrestrial ecosystems, aquatic
ecosystems in the study site must be characterised
before undertaking GHG measurements in order to
understand spatial and temporal variations. For
instance, information on bathymetry, flow
conditions, sediment and changes in water level may
provide valuable insights regarding GHG emissions
and carbon stock in aquatic environments.

Measurement methods are discussed separately
below for GHG emissions and carbon stock. GHG
emissions in the aquatic environment represent
fluxes between the atmosphere and water surface
(diffusive flux) and bubbling from the sediment to
the water surface. In reservoirs, a third emission
pathway is possible at weirs, dams and spillways,
where the rapid change in pressure favours
degassing of less soluble gases. Carbon stock
variables are used to understand changes in GHG
emissions and may also be used as a proxy to
estimate GHG emissions.

The International Organization for Standardization
(ISO) provides guidance on sampling from lakes,
natural and man-made, and on the design of
sampling programmes and sampling techniques in
aquatic systems (Appendix 1).

4.1 GHG emissions

CO,, CH; and N,O are three predominant GHGs
emitted naturally by aquatic systems, the first two
being the most important.

CO, and CH, gas concentrations in water can be
influenced by several factors, including:

e mixing regime (for example, in boreal ecosystems,
autumn and spring turnover transport the water
enriched in dissolved gases from the bottom to
the top of the water column);

e abundance of algae and plants, and their
photosynthetic rates;

e quantity of organic matter entering the system
and its decomposition rate in the water column
and sediment (CH, is produced in anoxic
sediment by fermentation; Wang et al., 1996);

e water residence time, which affects dissolved
organic matter availability;

e dissolved oxygen content, which affects the
rate of CH, consumption by methanotrophic
bacteria (Wang et al., 1996).

N,O is an intermediate by-product of two
microbiological processes — nitrification (aerobic
process) and denitrification (anaerobic process) —
which occur mainly at the sediment/water interface
but could also take place in organic-matter-rich
water columns. Although N,0 has a global warming
potential (GWP) 310 times greater than CO,
(UNFCCC, 2009), N,0 fluxes are probably negligible
in the overall GHG budget (which includes all three
gases) as measured in boreal reservoirs and in one
Brazilian reservoir (Table 4.1). Furthermore, Delmas
et al. (2004) have shown that N,O fluxes varied little
throughout the Petit Saut reservoir system
(upstream of the impoundment, within the
reservoir and downstream of the reservoir). This
lack of variation indicates some kind of an
equilibrium condition.

Higher N,O emissions may occur if there is a
significant input of organic or inorganic nitrogen
from the basin, e.g., input from such anthropogenic
activities as land-use change, waste-water
treatment or fertilizer application in the watershed
(IPCC, 2006). It is important to note that in this case
the emissions are not the result of reservoir
creation but of external anthropogenic activities.

The sampling protocols for measuring N,O will be
added to future versions of the Field Manual once
more knowledge is achieved.
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Table 4.1 — N2O fluxes in boreal and tropical reservoirs and their importance in the overall budget

% of total GHG

emissions in Source
mean SD CO,eq

N,O (mg N,0/m?/d)

Sampling
year

Reservoir

Eastmain 1, Canada 2006 0.09 0.43 <1% Tremblay and Bastien, 2009
Eastmain 1, Canada 2007 -0.02 0.44 <1% Tremblay and Bastien, 2009
Experimental Lakes Area 2000 0.0012 0.0002 <1% Hendzel et al., 2005

(ELA), Canada

Experimental Lakes Area 2001 -0.0030 0.0006 <1%

(ELA), Canada
Serra da Mesa, Brazil 2004 0.08

0.52 3%

Hendzel et al., 2005

Sikar et al., 2005

4.1.1 Diffusive surface flux

41.1.1 Floating chambers

The floating chamber method is a cheap and
convenient method to measure direct diffusive
fluxes at the surface of aquatic ecosystems. This
method consists of enclosing air in a chamber
that floats at the surface of the water (Figure
4.1). Fluxes are then calculated according to the
change of the concentration of the gas in the
chamber (Abril et al. 2005, Guérin et al. 2007,
Tremblay and Bastien 2009).

Diffusive fluxes depend on the concentration
gradient between the surface microlayer and the
atmosphere and physical variables such as wind
speed and rainfall (Borges et al., 2004 a and b;
Guérin et al., 2007). Artificial turbulence can be
created by the chamber itself due to friction
between the edges of the chamber and the water.
When the chamber walls do not extend below the
water surface, the chamber drifts creating
turbulence which can generate gas fluxes up to
five times higher in comparison to chambers with
wall extensions into the water (Matthews et al.,
2003). This becomes important at low wind speed
(*1 m s™) (Matthews et al., 2003). Thus, floating
chambers must have walls extending below the
waterline (Figure 4.1). In turbulent environments,
the chamber can rock back and forth and bob up
and down increasing the turbulence at the air-
water interface. The chamber can be stabilised by
weights attached to the bottom of the chamber
skirt. It is important to stress that generally it is
not necessary to weight the base of the chambers
but then it cannot be used if strong waves are
likely. The solubility of gases in water depends on
pressure and temperature. When the pressure

increases, the solubility increases and vice versa. A
vent must be installed on the top of the floating
chamber in order to equilibrate the air pressure
within the chamber with the atmospheric pressure
before starting the measurements (Figures 4.1 and
4.2). In order to limit variation of temperature
inside the chamber, the enclosure must be
covered with reflective material. Typical
dimensions and characteristics are as follows:

e height above the water surface while
floating: 15 cm;

e chamber walls must extend 2-4 up to 15
cm below the water surface depending on
the instability at the site caused by wind,
waves, etc;

e minimum surface: 0.2 m?;

e volume: 20 L;

e weight of the weights must be adapted: 500-
1000 g in order to adjust the penetration of
the chamber walls.

As discussed by Kremer et al. (2003), a chamber
that moves relative to the surface water would
disrupt the aqueous boundary layer and
artificially enhance gas exchange. If fluxes are
not measured while floating freely with water
movements this leads to a significant
overestimation of the fluxes since turbulence is
artificially enhanced by the friction between the
chamber walls and the water. Thus,
measurements must be performed while drifting
with water at lake and river surfaces. However,
in environments with low water current, but
high wind, it is preferable to anchor the
chamber to avoid its movement due to the
wind, but in environments with high currents,
drifting with water masses is necessary
(Frankignoulle et al. 1996).
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Vent

Septum

Chamber

Source: UNESCO/IHA, 2009
Figure 4.1 — Sketch of a Chamber Design used to Measure Diffusive Surface Flux

Source: Environnement lllimité Inc.  Source : SINTEF
Figure 4.2 — Example of Chamber Design

GHG concentration in the chamber can be
measured in two ways, either in-line (continuous)
using portable gas analysers, or by taking air
samples (non-continuous) for gas chromatography
analysis in the laboratory. In the continuous
approach, concentrations are measured in the field

over a given period of time (seven minutes). In the
chromatograph approach, grab samples of air are
collected using a series of syringes, thus providing
fewer points on the curve of gas concentration over
time. Gas samples are analysed by specialised
laboratories. The continuous approach may better
capture the relation between gas concentration and
time, but is probably more expensive due to the
cost of the instrument. A brief description of both
methods is presented below.

Continuous approach

e Airin the chamber is sampled from the top of
the floating chamber.

e Two openings for the connection of the gas
analysers have to be built: air is pumped via
the tubing (outlet) through the analytical
instrumentation in a loop that returns to the
chamber (inlet). The air flow is determined by
the instrument specification and should be
constant. A diaphragm pump can be used.

e A desiccant (magnesium perchlorate) is placed
at the outlet of the floating chamber and in
front of each instrument to prevent
condensation in the tubing and damage to
certain instruments (see the specifications for
each instrument).

e Measurements are made over a period of
seven minutes.

e Airis analysed with a portable instrument.

e Data is collected with either a data logger or
portable computer. All readings (various
intervals) are plotted on a graph of gas
concentration as a function of time.
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Non-continuous approach

e With this approach, there is only one chamber
outlet. The chamber can be equipped with a
septum (pre-boiled butyl rubber or Viton) in
order to take samples inside the chamber with
a syringe equipped with needles.

e Air samples must be taken from the chamber
after mixing the chamber air volume by
pumping with a syringe.

e A typical syringe will have a sample volume of
60 ml and a two-way valve.

e Gas samples collected may be analysed for
CH, and CO, using a gas chromatograph (see
Section 5.1). Details on the use of this
instrument are given by Keller and Stallard
(1994) and by Weiss (1981).

e At least four gas samples (each replicated)
should be collected for the regression
between time and gas concentration.

Flux calculation

The flux is obtained by calculating the slope of the regression line using the following equation:

Fluxxmg.m=2.d™] =

Slope[ ppm.s]* F1* F 2* ChamberVolume[m?]

ChamberSurface[m?]

Where F1 is a conversion factor from ppm to mg m’ for standard temperature and pressure (STP):

GasConc.[ ppm]* MolecularWeight[ g.mole *]* AtmP[KPa]

GasConc[mg.m™] =

8.3144J.K “.mole * (273.13K + T[*C])

and where F2 is a conversion factor of seconds into days (24 hr * 60 min * 60's = 86400 s d ™)

The correction for temperature and pressure is
assumed to be done automatically by the
instruments (Lambert and Fréchette, 2005) when
using the continuous approach and IRGA. In this
case, standard temperature and pressure (STP)
values should be used. Otherwise, when using the
non-continuous approach and gas
chromatography analysis, pressure and
temperature corrections have to be made
manually by using the measured value in the F1
conversion factor.

Atmospheric pressure

WMO (2008) — No. 8, Part | - Chapter 3: The
atmospheric pressure on a given surface is the
force per unit area exerted by virtue of the weight
of the atmosphere above. For meteorological
purposes, atmospheric pressure is generally
measured with electronic barometers, mercury
barometers, aneroid barometers or hypsometers.

Water temperature

See Section 4.1.1.3.

4.1.1.2 Eddy covariance towers

Micrometeorological methods can be used to
determine the turbulent diffusion of trace gases over
water surfaces. The eddy covariance method is

described in detail in Section 3.1.3.2, as it has been
used extensively in terrestrial ecosystems. Current
research is extending its use to aquatic systems.

The use of the EC technique for measuring GHG
fluxes in aquatic systems is similar to the use for
terrestrial systems. However, a few additional
factors must be considered. Over a large body of
water, the flux tower containing the
instrumentation should be installed on a stable
platform. A small island can be used but in that
case all data corresponding to wind directions
originating from the island must be discarded to
avoid contamination of the fluxes from non-water
sources. If small bodies of water are to be studied,
the effect of nearby non-water surfaces may be
significant as the turbulence over heterogeneous
ecosystems may influence the measured fluxes
(e.g., Vesala et al., 2006). EC also provides fluxes of
latent and sensible heat directly, which may be
interesting for studies on energy and water
budgets in aquatic systems.

Gap filling of missing NEE data is more complex for
aquatic systems since, unlike terrestrial ecosystems,
there are no standard protocols. It must be realised
that the EC technique measures the flux at the water-
air interface. This is unlikely to be the original source
of the gas flux itself. Currently, the best way to
estimate  NEE for missing periods of EC
measurements may be based on site-specific
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relationships. Correlations are likely to be found
between the measured CO, fluxes from water and
some environmental measurements related to the
exchange process, such as wind speed.

4.1.1.3 Thin boundary layer (TBL)

The TBL method calculates flux using semi-
empirical equations. Although a lot of literature
exists on this subject, the mechanisms that drive
the process remain poorly understood and
consequently predictions have large uncertainty.
For example, widely used predictive models of the
gas transfer process commonly differ by factors of
three or more, and contain poorly understood
nonlinearities as noted by Banerjee and Maclintyre
(2004). This translates to uncertainties of at least
300% in recent attempts to calculate a net oceanic
CO, uptake (Takahashi et al, 2002). Such
uncertainty is due to the highly variable nature of
correlating factors, e.g., wind, waves, surfactants,
thermal convection or stratification, wave
breaking, and upwelling. The local variables
necessary for the calculations are the
concentration of the GHG in air and in the water,
the wind speed and the temperature of the water.

It is recommended when using floating chambers
they are connected to a real-time measurement
system (if wind and weather conditions allow). This
system could be used both in pre- and post-
impoundment studies. If real-time measurements
are not feasible, measurement campaigns with
floating chambers must be done in accordance with
spatial and temporal resolution requirements. In the
future, TBL might be more frequently used, but the
approach still needs to be tested more extensively.

GHG partial pressure measurements

GHG partial pressure measurements can be
performed with an IRGA connected with an
air/water exchanger (contactor) or with headspace
gas chromatography (HS-GC).

Infrared gas analysers and contactor

GHG partial pressure can be measured with portable
gas analysers (see Section 5) connected in-line with a
contactor (air/water exchanger). The contactor is a
plastic cylinder traversed by numerous polypropylene
micrometric tubes. The surface water, collected by
means of a peristaltic pump, circulates continuously
inside the contactor, in the direction opposite to the
air passing through the micrometric tubes that bathe
in the sampled water. The gas concentration of air
circulating in the micrometric tubes balances with the
gas concentration in the water. The resulting gas-
enriched air is then analysed.

This system can be automated for continuous
measurements inside a generating station, or on a
floating deck or buoy (Figures 4.3 and 4.4).
Automated GHG measurement systems combine a
gas analyser with a data logger, contactor, and set
of tubing and valves to sample water and air
alternately. Continuous measurements may reveal
clear seasonal trends in GHG emissions.

Source: Environnement lllimité Inc.

Figure 4.3 — automated system installed on a floating
deck (other types of buoys may be used)

Source: Environnement lllimité Inc.

Figure 4.4 — Automated system installed inside a
generating station
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Headspace gas chromatography (HS-GC)

HS-GC is used to estimate GHG concentration in
water samples. Figure 4.5 shows the principle of
the headspace technique, where the gas phase or
headspace lies above the liquid sample phase
containing the dissolved gases. Once the sample
phase is introduced into the vial and the vial is
sealed, volatile components diffuse into the gas
phase until the headspace has reached a state of
equilibrium (static HS-GCl), as depicted by the
arrows. The sample for analysis is then taken from
the headspace.

Gas phase

Liquid phase

Source: Modified from Kolb and Ettre, 2006.

Figure 4.5 — Principle of the headspace technique

Collection of water samples

For gas concentration analysis, water samples can
be taken at a number of depths to determine the
gas profile at a specific station (e.g., upstream of
the dam near the water intake). However, when
the goal is to calculate fluxes, water samples at the
surface should be used. Note that for CH,, a gas-
tight container should be used to collect water
samples. For instance, the water sampler in Figure
49 b is not appropriate since it allows gas
exchange.

The following steps and QA/QC items should be
considered when designing the procedure for
collecting water samples for HS-GC analysis

1 Conversely, the continuous HS-GC technique or
"purge and trap" consists in retrieving continuously
gas extracted from the sample phase so that
equilibrium is never reached and all dissolved gases
are extracted. It is applicable for volatile organic
compounds (APHA-AWWA-WEF, 2005).

(Guérin and Abril., 2007; Kolb and Ettre, 2006;
Bastviken et al., 2004):

e Use borosilicate glass bottles or vials to prevent
CH, adsorption on the container walls.

e (Clean bottles with a mild soap-and-water
solution, rinse well and let dry.

® Bake septum stoppers a few hours at 60°C to
remove any trace of CH,-producing chemicals.

® The size of bottles and the ratio of headspace
to volume of sampled water (HS/S) should be
based on the gas concentration to be analysed,
and on GC type and specifications. For
example, when low concentrations are
expected, a smaller headspace will provide
better precision and a low HS/S ratio should be
used. Depending on GC type, the required HS
volume ranges from a few pl (for open-tubular-
column GC) to 2 ml (for packed-column GC).
The volume must be sufficient to flush the
injection system (needle, syringe, connectors
and tubing) and the GC internal system.

® In order to determine precisely the volume of
HS plus S, weigh a batch of 30 bottles empty
and then filled with water, and calculate the
mean volume using the density of water.
Repeat this procedure every time a new batch
is used, particularly if it is from a new supplier.

e Bottles or vials are closed with a butyl rubber
septum (higher tightness than other materials)
and an aluminium cap crimped tightly over the
septum using a crimping device.

e To prevent any biological activity between the
time of sampling and analysis, a preservative
must be added. Acid or base preservatives
(e.g., H,SO,4 or NaOH) should not be used for
CO, measurements as they affect pH and thus
the equilibrium between the various forms of
dissolved CO, (Figure 4.6). Salt preservatives
such as KCl can be used. In that case, the
solubility of gases in water is decreased and
thus gas partitioning between the two phases
need not be considered. HgCl, can be used, in
which case gas partitioning between the liquid
and gas phase must be considered. HgCl, must
be handled with care because of its toxicity.
Waste water from analysed samples
containing HgCl, should be disposed of in an
appropriate place.

e The HS may be created either before going to
the field or just before analysis. The second
option reduces the risk of contamination due
to leaky pierced septa but restricts the choice
of preservative and ways of collecting water.
The inert gas chosen to create HS will depend
on budget and quality considerations. For CO,
extraction, tests show no difference between
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nitrogen and argon, but argon would be more
suitable for CH, extraction (Lambert and
Fréchette, 2005). Helium is more expensive
but is suitable for CO, and CH, extraction. The
use of glass instead of plastic syringes reduces
the risk of leaks, but increases the cost.

Creating HS before going to the field

® In the lab, use a solid preservative such as KCl
(use a sufficient quantity to reach saturation).

e Install the septum and an aluminium cap with
a crimping device.

e Weigh the bottles with preservative, septum
and aluminium cap.

e Evacuate bottles thoroughly using a good
electrical vacuum pump (note that no vacuum is
perfect; a small amount of air always remains).

e Collect a certain amount of inert gas (based on
the desired HS/S ratio) using a syringe and
needle, and insert the needle into the septum
of the sample bottle.

® In the field, collect water samples by inserting
a needle through the septum in the water.
Keep the bottle in the water until it is full (less
HS). The remaining HS should have nearly the
same volume as the inert gas inserted.

e Note the water temperature and atmospheric
pressure for partitioning of gas between the
water and gas phase during calculations.

®  Place the bottles upside down to reduce leaks
from the pierced septum.

e Storein a cool, dark place (e.g., in a cooler).

Creating HS just before analysis

e In the field, fill bottles completely with
sampled water taking care not to produce
any gas bubbles.

e |Install the septum and an aluminium cap with
a crimping device.

e Insert a liquid preservative using a syringe
and needle (inserted so it is near the
bottom of the bottle). Evacuate surplus
water using a second needle (inserted near
the surface so that the preservative is not
evacuated). The amount of liquid
preservative should be small enough not to
affect significantly the water sample
volume. KCl solution must not be used
since it would significantly dilute the
sampled water.

* Note the water temperature and atmospheric
pressure for partitioning of gas between the
water and gas phase during calculations.

e Store in a cool, dark place (e.g., in a cooler)
until processed in the lab.

* In the lab, weigh filled bottles.

e Collect a certain amount of inert gas (based on
the desired HS/S ratio) using a syringe (glass is
better than plastic to prevent leakage) and
needle, and insert the needle into the septum
of the water sample, held upside down. Insert
a second needle to evacuate surplus water.

® Reweigh the bottle. The volume of HS and S
are calculated based on the difference in
weight between the completely filled bottle
and the bottle with HS.

e Store the bottle upside down to prevent
leakage from the pierced septum.

HS-GC analysis

HS-GC theory and practice are covered by many
reference manuals (e.g., Kolb and Ettre 2006).
Specialised laboratories or universities can
perform HS-GC analysis. The sample preparation
steps to perform are as follows (for details, see
Kampbell and Vandegrift, 1998):

e Calibrate the gas chromatographer with the
gas standard.

® Letthe samples reach room temperature.

e Shake the samples on a rotary shaker for
five minutes.

® Inject the samples into the gas chromatographer.

S
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Source: Wetzel, 2001
Figure 4.6 — CO2 dissolved forms

Correction of HS-GC results for partitioning
between the water and gas phase

Results from HS-GC analyses of water samples
must be corrected for the HS/S partitioning of
gases unless a salt preservative is used. Salt
preservatives such as KCl decrease gas solubility
and gases are thus mostly found in the HS. The
difference between the gas partial pressure in
water (pGas) and gas partial pressure measured by
HS-GC are a function of gas solubility (K,), gas
partial pressure in the HS before equilibrium
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(piniiai: correspond to the inert gas plus a certain (Prinal: correspond to a mixture of gases), molar
amount of air not evacuated) and after equilibrium volume (V,,) and HS/S ratio:

HS o
( Peinal * KOEquiIibrium) + ((?) * ( meaIeV Pinitiar ))
pGas = < m

O0Sample

where K sample is gas solubility at the sampling temperature; Ko guiiibrium is gas solubility at the equilibrium
temperature, just before analysis. Partitions of CO, and CH, are calculated using:

100

InK, (CO,) =-58.0031+ 90.5069* (——
K

) +22.294* In(T—K) +
100
TK TK 2
S* (0.027766- 0.025888* (—<) + 0.0050578* (—X)?)
100 100

INK,(CH,) = -115.6477 + 22270 | 65 o553 1n( 1) -6 1608* (1% )
(T, 1100) 100 100

where Ty is the temperature in degrees Kelvin, Ky(CO,) is CO, solubility in mole.L ™ .atm™ (Weiss, 1974), S is the
salinity in parts per thousands and K,(CH,) is the CH, solubility in molar fraction.atm™ (Lide, 2007). Solubility in
molar fraction.atm™ is multiply by

1,000 g/L [water density]

- ) to obtain a solubility in mole.L ™ .atm™.
18.0153 g/mole[water molecular weight]

(

The molar volume is calculated using:

_ NRT, 101.325

Vv =1*0.082057* (273.15+T)* (T)

m

where n is the number of moles, R is the perfect gas constant (in L.atm.K"l.mol"l), P is the atmospheric pressure
(in atmospheres), Ty is the temperature in Kelvin and T is the temperature in degrees Celsius

Wind speed measurements system. Simple hand-held anemometers, if they are
used, should be set up and read in accordance with

Wind speed can be measured on site with a , . .
the maker’s instructions.

portable anemometer or at a nearby

meteorological station.
Water temperature

WMO (2008) — No. 8, Part | - Chapter 5: Wind speed
should be reported to a resolution of 0.5 m st orin
knots (0.515 m s_l) to the nearest unit, and should
represent, for synoptic reports, an average over 10
min. Surface wind is usually measured by a wind
vane and cup or propeller anemometer. For nearly
all applications, it is necessary to measure the
averages of wind speed and direction. Many
applications also need gustiness data. A wind-
measuring system, therefore, consists not only of a
sensor, but also of a processing and recording

APHA-AWWA-WEF (2005) — Standard Methods 2550:
Laboratory and other non-depth temperature
measurements should normally be made with any
good mercury-filled Celsius thermometer. As a
minimum, the thermometer should have a scale
marked for every 0.1°C. Depth temperature
measurements required for limnological studies may
be measured with a reversing thermometer,
thermophone, or thermistor. The thermistor is most
convenient and accurate; however, higher cost may
preclude its Us.
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Flux calculations

Diffusive flux of gas across the thin boundary layer (TBL) can be calculated from the following equation:

Flux=Kk, (C

water Cair) Macintyre et al., 1995

Where Flux is expressed in mmol of CO, or umol CH, m2d’.
C.i-is the concentration of gas in the air

Cuater is the concentration of gas in the water (obtained by the product of gas partial pressure (pGas) times the
gas solubility (K,) at a given temperature) obtained with:

C e LmoleL™] = K [mole.L  .atm™] * pGas[zatm]  Morel, 1982; Anderson, 2002

100

INK,(CO;) = -58.0931+ 90.5069°* (—
K

) +22.294* In(T—K) +
100
T - Weiss, 1974
S* (0.027766 - 0.025888* (—X-) + 0.0050578* (—£.)?)
100 100

where K, (CO,) is the solubility of CO, in water expressed in mole L™ atm™, Ty is the temperature in Kelvin, and
S is the salinity in parts per thousands. Hence, in freshwater systems, only the first part of the equation is
necessary as S = 0.

155.5756 T I
INK.(CH,) = -115.6477 + 2210 | 65 2553+ [n(_K ) - 6,1698* () ;
o(CH.) (T. /100) ST Gog? Lide 2007

K

where K, (CH,) is the solubility of CH, in mole fraction atm™ and Ty is the temperature in Kelvin. Multiply by

( 1000 g/L
18.0153g/mole

to obtain a solubility in mole L™ atm™.

Sc
and with: kx = keoo(_) X

600
where k, is the gas exchange coefficient expressed in cm h‘l, x is equal to 0.66 for wind speed <3 m st and is
equal to 0.5 for wind speed > 3 m s‘l, and Sc is the Schmidt number for CO, or CH, which is dependent on
temperature (t):

Sc(CO,) =1911.1-118.11t + 3.4527t* — 0.04132t> wanninkhof, 1992
Sc(CH,) =1897.8-114.28t + 3.2902t* — 0.039061t>  wanninkhof, 1992

and:

Koo = 2.07+(0.215xU 101'7) Cole and Caraco, 1998

Keoo = 0.45xU 101'64 Macintyre et al., 1995

Keoo =1.68+(0.228xU 102'2) Crusius and Wanninkhof, 2003

where kgq is the gas exchange coefficient expressed in cm h™ normalised for CO, at 202C in fresh water with a
Schmidt number of 600. Various kg, equations exist in the literature and were developed for specific study
sites or region.

and:UlO 21.22XU1
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where U; is the wind speed at the water surface and U, is the frictionless wind speed at 10 m expressed in m

s* (Crusius and Wanninkhof, 2003).

The resulting final number should
L 24h 10000cm? . dmmole
1000cm®  1d m? 1000zmole

be multiplied by 0.24 or

) to obtain a flux in mmole m?> d™. Then, multiply by

44.0098 g mole™ to obtain a flux in mg CO, m>dor multiply by 16.04276 g mole™ to obtain a flux in mg CH, m2d*

4.1.2 Bubbling — Measurements using
funnels

The gases generated in the reservoir sediment are
initially dissolved in the interstitial water. The less
soluble gases, such as the CH,, aggregate as
bubbles that can grow until the point of being
liberated and migrate to the water surface. Under
deeper depths, bubbles dissolve in the water on
their way to the atmosphere. Also, shallow waters,
with high oxygen concentration can be a CH, sink,
as the bacteria in these waters can oxidise CH, to
CO,. Bubble fluxes mainly occur in shallow parts of
reservoirs where the hydrostatic pressure is not
sufficiently high to dissolve CH, in the interstitial
water. Due to discontinuity of ebullition it is
important to extend the collection time over days.
This process can be important in regions where
peatland is impounded. Ebullition is known to be
an important pathway for CH, emissions in many
peatlands (Christensen et al., 2003). It can be
important in warm and shallow water with OM,
but it is only relevant in waters up to 10 m depth
(or, according to conservative criteria, up to 20-30
m depth). This implies that the bathymetry of the
reservoir has to be considered when extrapolating
the measurements, as only shallow zones need to
be taken into consideration. No bubbling occurs in
the drawdown zone of the reservoir, because
water level fluctuation coupled with wave action,
results in the organic sediments being completely
eroded away and the OM is no longer present.

Open floating dynamic chambers have been used to
measure bubble emission (Ramos et al., 2006).
Ebullition and diffusive fluxes can be estimated
separately using the distribution and variance in
apparent piston velocities (kgp) from various fluxes
obtained from floating chambers (Bastviken et al.,
2004). Acoustic techniques have also been used to
quantify bubbles (Ostrovsky, 2003; McGinnis et al.
2006; Ostrovsky et al, 2008). The most frequently
used methods for measuring bubbling employ
inverted funnels coupled to gas collectors initially
filled with water, which capture the ascending

bubbles. Bubble collectors installed below wind-wave
influence can be used to integrate bubble emission
over time and are cheap and easy to operate.

Samples are collected using a set of funnel
collectors. If the environment is believed to emit
small amounts of bubbles, large bubble collectors
should be installed for longer periods of time to
maximize potential bubble collection. In most
cases, the funnels are placed along transects from
the shallows to the deepest regions. The funnels
are submersed and all air is removed to avoid
contamination by atmospheric air. The collecting
bottles, full of water, are then coupled to the
funnels. The choice of sampling site and the
arrangement of funnels are determined by
variables such as the density of flooded
vegetation, number of years since impoundment,
depth, presence of semi-submerged vegetation,
soil/sediment composition and geographic region
of the reservoir. The water flow should be near
zero and the bottom slope should be less than
20 deg. in order for the system to remain stable
over a long period of time.

4.1.2.1 Funnel design

Below is the list of materials required to build
funnels. This list is given as an example; other
designs may be used. However, it is important to
realise, that the material chosen for the funnel and
gas-collection bottle will affect the sampling
interval. CH, can diffuse through plastic so, if that
material is used, the sampling interval must not
exceed 24 hours. Gas can be sampled over longer
intervals if a glass bottle is used.

Example of materials required to build funnels for
windy conditions (large waves):

e 1aluminium ring, 1 m diameter

® PVCcanvas

e 6 steel wires (clothes line), 1.2 m long
e 2steel rings, 40 mm

e 12 cable screws

e 1 lead weight, 2.5 kg
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e 2 eye bolts, 50 mm

e 4 repair links

e 1 plumbing collar

e 1swivel

e ABS tubing and fittings, 50 mm
® syringe with 2-way valve, 150 ml
e 1 toilet check valve

e 1 bungee cord, 1 mlong

e 1 buoy, 300 mm diameter

e 1anchor

* rope

The PVC canvas is sewed into a funnel shape and
fixed onto the aluminium ring. The ABS tubing and
fittings are tied to the small end of the funnel
using the collar. The syringe fits perfectly into the
tube thread and the check valve is use as a gasket.
The fittings are arranged so that the syringe is
always protected and easy to install or retrieve.
The funnel is installed mouth down and is held in
place by six steel wires. The top wires are tied to
the buoy with a bungee cord and secured with a
rope. A lead weight is attached to the end of the
bottom wires to keep the funnel upright in the
water. A swivel is installed between the lead
weight and the anchor line to prevent the system
from twisting. This design absorbs the effect of
waves on the buoy, but must be used in water at
least 3 m deep because of its length (Figure 4.7).

A simpler system for areas where very high
bubbling is expected or with little or no wind and
wave action consists of a simple funnel with a
septum at the narrow end. The gas is thus stored
inside the funnel rather than in a syringe (small
volume). This design is shorter and can be installed
in shallower, calm areas (no wind and waves). The
angle of the funnel may be adjusted in either
design, depending on water turbulence and waves.
Larger angles can be used in calm waters.

4.1.2.2 Collecting gas from funnels

The collection period may last from 24 hours to
several days, weeks or the whole season, with
intermittent sampling. If a syringe is used to collect
gas, the volume of gas collected should be noted
before introducing gas into subsample vials or
gasometers. If a funnel with a septum is used, all
of the gas should be retrieved and the total
volume noted. The collection bottles must be
hermetically sealed while still under water and are
collected for later laboratory analysis.

If a portable GC analyser is used, gas samples can
be collected with plastic syringes and analysed the
same day. If analyses are expected to be made
more than 12 hours after collection, gas samples
should be collected in evacuated borosilicate vials
or with a gasometer. Borosilicate vials are much
cheaper to use but contamination may occur
during handling due to needles and though
perforated septa. One way to reduced
contamination is to introduce a small quantity of
saturated saltwater in the evacuated vial and store
the vial upside down.

4.1.2.3 Calculating bubbling fluxes

Gas concentration, sampling interval and
funnel area are required to compute bubbling
fluxes. Gas concentration in ppm measured
with GC can be converted into concentration in
mg m?>. If the sampling interval is 12 hours or
less, atmospheric pressure (AtmP) and water
temperature (T) can be measured and used in
the concentration conversion calculation. For
longer sampling intervals, mean water
temperature and atmospheric pressure can be
used. If the atmospheric pressure was not
recorded, a standard atmospheric pressure of
101.325 kPa can be used.

GasConc.[ ppm]* MolecularWeight[ g.mole *]* AtmP[KPa]

GasConc[mg.m™] =

8.3144JK “.mole* * (273.13K + T[*C])

Bubbling fluxes can be calculated using:

GasConc.[mg.m~*]* GasVol.Collected[m®]

BubblingFluxes[mg.m2.d ] =

FunnelArea[m?]* SamplingInterval[days]
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Figure 4.7 — Schematic representation of a gas-collecting funnel determining downstream concentration
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4.1.3 Downstream emissions

Downstream emissions are those observed below
reservoir outlets (turbines, spillways, low-level
outlets, etc.). They are composed of degassing and
diffusive fluxes, and their influence may range
from a few tens of metres up to 50 km
downstream in the river (Abril et al., 2005).

413.1 Degassing

Degassing is defined as an emission which happens
on discharge from low level outlets, including
turbine tailwater (induced by dramatic pressure
change). A wide variation in the importance of
degassing has been reported (1% to 90% of total
emissions), and it is influenced by dam design.
Degassing downstream of a dam and spillway can
be estimated by the difference between the gas
concentration upstream (or in the turbine) and
downstream of the power plant multiplied by the
outlet discharge (see below for calculation).

Determining upstream concentration at or near
the water intake

To accurately determine degassing, samples of
water entering the turbines must be taken directly
at the turbines or at the powerhouse intake. If
possible, the gas concentrations should be
sampled from ports within the conduits leading to
the outlets. If that is not feasible, degassing may
be evaluated from the average GHG concentration
across vertical profiles in the reservoir if there is
no stratification, or by the concentration at the
depth of the water intake if there is stratification.

Water profiling of temperature, oxygen and
dissolved gas should be performed upstream of
the dam to determine whether there is
stratification of the water column near the
intake. Temperature and oxygen profiles are
easy and cheap to measure and help detect any
stratification. Once those profiles are
measured, gas partial pressure profiles can be
obtained using in situ sensors or by collecting
water samples at various depths. If water
samples are collected, CH; and CO,
concentrations can be determined by the
headspace method followed by gas
chromatography analysis (see Section 4.1.1.3 —
Gas partial pressure measurements —
Headspace gas chromatography).The
concentration in water after passing through
the turbine and spillway can be determined in
water samples taken outside the area of
turbulence just downstream of the dam. Water
sample GHG concentrations can be determined
by the headspace method followed by gas

chromatography analysis (see Section 4.1.1.3 —
Gas partial pressure measurements —
Headpsace gas chromatography).

Determining water discharge

WMO (1994) - No. 168, Chapter 11: River
discharge, which is expressed as volume per unit
time, is the rate at which water flows through a
cross-section. Discharge at a given time can be
measured by several methods, the choice of
which depends on the conditions encountered
at a particular site. A number of approaches are
outlined below.

e Measurement of discharge by current meters:
general steps include selection of sites,
measurement of cross-sections, measurement
of velocity, and computation of discharge.

e Measurement of discharge by the float
method: general steps include selection of
sections, selection and installation of floats,
measuring  procedure, computation of
velocity, and computation of discharge.

e Measurement of discharge by dilution
methods: general steps include selection of
site, tracers and detection equipment, and
computation of discharge.

e Measurement of corresponding stage: stage
and corresponding time are noted at intervals
to identify segments of total discharge with
time and stage.

e Computations of discharge by indirect
methods: the peak discharge may be
determined after the flood has subsided by
computations that combine well-established
hydraulic principles with field observations of
channel conditions and flood profiles. All of
the methods involve the simultaneous
solution of continuity-of-mass and energy
equations. Such computations may be made
for reaches of a river channel, through
roadway culverts and bridge openings, and
over dams and highway embankments.
Although the hydraulic formulae differ for
each type of waterway, all of the methods
involve the following factors:

» geometry and physical characteristics of
the channel and boundary conditions of
the reach used;

» water surface elevations at the time of
peak stage to define the cross-sectional
areas and the head difference between
two significant points;

» hydraulic factors, such as roughness coef-
ficients based on physical characteristics.
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e Measurement of discharge under difficult
conditions: such conditions include unstable
channels, mountain streams, or measurement
of unsteady flow.

* Non-traditional methods of stream gauging:
moving-boat method, ultrasonic (acoustic)
method, electromagnetic method.

Calculating degassing

The degassing flux ( FlUXDegass-ng ) is calculated as follow:

FIUXDegassing = (([GaS]UpT - [Gas]downsT ) X QT) + (([GaS]UpS - [Gas]downss) = QS)

where [G&S]UPT is the gas (CH, or CO,) concentration upstream of the generating station (turbines) expressed

in mg/m®, [Gas] downsT IS the gas concentration downstream of the generating station, Q; is the turbine

flow and [Gas]ups ; [Gas] downss 1 and Qs are equivalent terms for the spillway.

The flow should be for the same time period as gas concentration measurements. The best-case scenario
would entail continuous gas concentration measurements (e.g., every three hours), averaging concentrations
for each day and calculating using the mean daily flow (turbine and spillway). If the operating mode (peaking)
is expected to vary on an hourly basis, it may then be useful to calculate degassing fluxes for every hour. The
gas concentration sampling interval should thus be determined on the basis of the operating mode.

4.1.3.2 Fluxes in the downstream aquatic system

Diffusive and bubbling fluxes should be measured
in the aquatic system downstream of the
(proposed or existing) dam up to a maximum
distance of 50 km. This distance may vary from site
to site and must be assessed for each project.
Comparison of emissions in the aquatic system
downstream of the dam before and after
impoundment will indicate whether leakage from
the reservoir affects the downstream ecosystem.
The methods described in Section 4.1.1 and 4.1.2
can be used.

4.2 Carbon stock

Carbon content in water should be measured at
representative stages in stream hydrographs and,
when combined with discharge calculations, allow
carbon transport to be determined. Carbon stock
in the water column and in sediment should be
determined as described below.

4.2.1 Carbon availability in water
column / transport
Carbon present in the water column is subject to

transport downstream from the reservoir. The
evaluation of the carbon stock present in the area to

be flooded by the reservoir is a critical measurement,
as it can be used as an indicator of future reservoir
GHG emissions, GHG emissions being proportional to
the content in organic matter flooded.

Most lakes are supersaturated in CO, (Del Giorgio
et al., 1999), and thus generally emit CO, to the
atmosphere. CO, saturation is linked to the
dissolved organic carbon (DOC) concentration
(Bird and Prairie, 2003). DOC is degraded by
various processes including biological degradation
and photo-oxidation into dissolved inorganic
carbon (DIC).

Organic matter is composed of particulate and
dissolved organic carbon (POC, DOC) and organic
compounds containing sulphur (S), nitrogen (N)
and phosphorus (P). Carbon (C) in a water body
can be in particulate or dissolved form, and can be
organic and inorganic. Below is a description of the
processes producing DOM, TOC, DOC, TIC and DIC.

4.2.1.1 Dissolved organic matter (DOM)

DOM can be of autochthonous or allochthonous
origin. Autochthonous DOM in aquatic ecosystems
is produced by photosynthesis (Hdder, 1997),
extracellular release and exudation mechanisms,
or by the degradation of plankton and
macrophytes (e.g., mortality, grazing,
biodegradation, photodegradation) (Obernosterer
et al., 1999). Allochthonous DOM, by contrast,
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originates from terrestrial input from the
catchment (Hessen, 2002). The proportion of
allochthonous and autochthonous DOM s
influenced by the degree of aquatic productivity,
precipitation, terrestrial inputs and elevation
(Williamson et al., 1996).

The majority (> 50%) of freshwater DOM (Corin et
al., 1996; Ertel 1990; Hernd! et al., 1997; Wetzel et
al., 1995; Davies-Colley and Vant, 1987; Reche et
al., 1999; Moran and Hodson, 1990) is composed
of dissolved humic substances (DHS). Dissolved
humic substances are dark coloured, acidic and
composed primarily of aromatic molecules
(Gastonguay et al, 1995) originating from
terrestrial plant material.

4.2.1.2 Total organic carbon (TOC)

TOC is the quantity of carbon present in the
organic matter which is dissolved (DOC) or
suspended (POC) in water.

4.2.1.3 Dissolved organic carbon (DOC)

Decomposition of DOC is ten times greater than
that of POC and is, additionally, accelerated by
photolysis and its subsequent bioavailability,
contributing to the efflux of CO, to the atmosphere
(Wetzel et al., 1995).

4.2.1.4 Dissolved inorganic carbon (DIC)

DIC is also referred to as total inorganic carbon
(TIC). DIC represents the total of the three CO,
aqueous forms: HCOj, CO32' and free CO,. The
equilibrium between these three CO, forms
depends on pH. DOC is transformed into DIC by

Table 4.2 —

photo-oxidation (Ertel, 1990; Petterson et al.,
1997; Dahlen et al., 1996; Vodacek et al., 1997)
and micro-organism respiration (Cole, 1999).

The origin of DOM influences the formation of DIC.
Lakes with high primary production (high
chlorophyll concentrations and high concentration
of autochthonous DOM) produce less DIC
(Bertilsson and Tranvik 2000). Therefore, DOC will
be more easily mineralised into DIC in humic
oligotrophic lakes than in eutrophic lakes with high
algal productivity and where photosynthesis rates
are high (carbon acquisition).

DIC production at the sediment/water interface is
influenced by the water oxygen-content, which
affects the rate of methane consumption by
methanotrophic bacteria producing CO,.

4.2.1.5 C:N:P ratio

Elemental chemical composition of planktonic
particulate organic matter reflects the
planktonic structure as well as biochemical
processes (Table 4.2). Phosphorus (P), and to a
lesser extent nitrogen (N), are limiting
elements for freshwater plant productivity.
Limitation in these elements can lead to
alteration in cell content and to the C:N ratio.
The carbon content of organic matter is on
average at least an order of magnitude greater
than that of nitrogen (N). The C:N ratio for
allochthonous DOM varies from 45:1 to 50:1
and for autochthonous DOM it is 12:1 (Wetzel
2001). The majority of N is proteinaceous in
the plankton.

Type of organic matter and C:N:P ratio

Type of organic matter C:N:P ratio
Allochthonous DOM C:N variesfrom 45:1 to 50:1
Autochthonous DOM CN-~121

Streams, shallow |lakes, reservoirs with

short residence times

Streams, shallow lakes, reservoirs with

residence times > 6 months
Tropical lakes

C:P<350N:P< 26

C:P> 400 N:P> 30
high C:N

Source: Wetzel, 2001.

Determination of the trophic state (autotroph vs.
heterotroph) of a water body can be based on its
content in total nitrogen (TN) and total phosphorus
(TP; Figure 4.8). Primary productivity,

phytoplankton density and biomass, chlorophyll a,
dominant phytoplankton, light extinction
coefficient, TOC and total inorganic solids are other
characteristics of trophic status (Wetzel, 2001).
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Figure 4.8 — Trophic state determination based on TN and TP

4.2.1.6 Origin of organic matter — 9% analysis

The origin of organic matter can be assessed by
oc analysis (Hélie, 2004). There are three
isotopes of carbon: 12C, B¢ and "c (in order of
importance). Plants use two types of atmospheric
carbon during photosynthesis: 12c and “*C. Various
12¢:C ratios are founded in plants depending on
plant types (C3 vs. C4: mainly grass and sedge
families). If terrestrial plants use air CO,, which has
a meand C value of -8%o, aquatic plants use
dissolved CO,, which has more variabl® ¢, The
use oP “C-OM signatures to identify aquatic
against terrestrial production is largely site
specific. However, in most cases it provides a
relatively sensitive indicator of their ratio in
riverine OM fluxes (Rau, 1978; Barth, 1998).

4.2.1.7 Collection of samples in the water column

In order to estimate the carbon stock in the water
column, water samples must be collected from
various depth increments using a water sampler
(Figure 4.9). Types of samples include (WMO, 1994):

e Grab samples. These are used to characterise
water quality at a particular time, location and
depth. Grab samplers may be categorised into
those appropriate for non-volatile
constituents and those suitable for dissolved
gases. Van Dorn bottles, Kemmerer samplers
and (diaphragm, peristaltic or rotary) pumps
may be used for DOC sampling.

e Composite samples. These are obtained by
mixing several discrete samples of equal
volume. Composite samples provide average
water quality conditions over the time of
sampling. It is more economical since fewer
samples are required. There are two types of
composite samples: sequential (i.e., at a
regular time interval) andflow-proportional.

TRp—

-

poids =
8 kg

a Van Domn
modilié (1M1L)

b Intégrateur

¢ Cal du cygne

d Nigkin
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Source: Somer, 1992 —above; WMO, 1994 —following page

Figure 4.9 — Water sampler-integrator
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Source: Somer, 1992 - left; WMO, 1994 - right
Figure 4.9 — Water sampler-integrator

Collection of representative samples will depend
upon site characteristics: depth-integrated water
samples are suitable for a uniform, well-mixed
water column; whereas, samples at various depths
and distances along the cross-section of a river
may be necessary in other cases (WMO, 1994).
DOC content should be assessed for the entire

4.2.1.8 Calculation of carbon transport

volume of the river or reservoir, so the sampling
plan must be developed accordingly, considering
(vertical and horizontal) spatial variability.

For some analyses like DOC determination,
filtration is necessary to separate particulate from
dissolved matter. The time between sample
collection, filtration and analysis in the laboratory
must be minimized and/or a preservative
technique used. The preservative technique will
depend on the analysis, but in general the
following rules apply:

e Keep samples in a cool (4°C or on ice), dark
place, such as a cooler.

® Add a chemical preservative if required. These
are often provided by the laboratory which is
to perform the analysis. Not all analyses allow
chemical preservation. If a chemical is already
in the sample bottle, care must be taken so
the sample bottle does not overflow.

®* In some cases, samples must be frozen and
therefore plastic containers should be used.

e Sample containers should be selected
according to the parameter of interest. The
laboratory usually supplies specific sample
bottles for each. Plastic and glass bottles are
usually provided by the laboratory.
Borosilicate glass is used for organic
compounds (less adsorption on the container
wall) such as DOC, while polyethylene is
inexpensive and suitable for inorganic
compounds. Opaque containers are used for
light-sensitive constituents.

e Samples should be taken in duplicate to
account for possible preservation and
manipulation errors.

Carbon entering the reservoir can be estimated as follows:

CStock = (DOCInIet X anlet) + (DOCSoiI X QSoiI) + (DOCR 2 QR)

where CStock is the carbon stock of the reservoir/river, DOC concentration and water flow (Q) are measured at

each inlet of the reservoir/river, in drainage basin soils (see Section 3.2.2.4), and in the reservoir/river itself.
DOC should be assessed for the whole volume of the reservoir/river.

Carbon leaving the reservoir ( CLeakage ) can be estimated as follows:

C

Leakage

=DOCp,y x Qrs

where DOC is measured in the water column in front of the dam and QTS is the sum of the turbine and spillway flows.
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4.2.2 Carbon storage in sediments

Methane (CH,;) and nitrous oxide (N,0) are
produced by bacteria living in the sediments:
anaerobic methanogenic bacteria, and nitrifying
and denitrifying bacteria, respectively (Eriksson Il
et al., 2000; Schmidt and Conrad, 1993, Svensson,
1998; Bastien, 2005).

POC is the dominant source of organic matter in
sediments; some DOC may be incorporated into
the sediments by adsorption on clays and
carbonate (Dean, 1999) or by flocculation with
other particulates in the water column (Simon et
al., 2002; Wetzel, 2003). This carbon is stored in
three main components of lake sediments: organic
matter, autogenic carbonate minerals and non-
carbonate mineral detritus (Dean, 1974; Wetzel,
1975). Sediment is made up of a complex mixture
of lipids, carbohydrates, proteins and other
biochemicals contained in the tissues of living
benthic micro-organisms, and the detritus of
organisms formerly living in the lake and its
catchment (Meyers and Ishiwatari, 1993).

Bacterial activity, carbon oxidation (degradation
process), bioturbation and resuspension of
sediment that occur at the water/sediment
interface (active layer) affect the carbon storage
estimation in sediment surface layers (Meyers and
Ishiwatari, 1993).

Once buried below the zone of bioturbation,
organic matter is subject to further bacterial
degradation, often resulting in methanogenesis.
Only less reactive forms of organic matter
accumulate in the sediments. Under that “active
zone,” most of the sediment carbon s
permanently buried and not involved in the
biogeochemical processes (Sobek et al., 2006).

Carbon in sediment is mainly found in the form of
particulate organic carbon (POC). The International
Organization for Standardization (ISO) provides
guidance on sampling of bottom sediments
(Appendix 1 — International Organization for
Standardization, Guidance and Sampling
Procedures, ISO 5667-12:1995). Sediment samples
can also be collected as described in
Environnement Canada (2002 a and b; Appendix 1
— Sediment Sampling Guide for Dredging and
Marine Engineering Projects in the St. Lawrence
River. Volumes 1 and 2). The choice of sampling
method must consider hoisting equipment

available, physical constraints of the environment
(e.g., bathymetry, currents and waves), the
penetration depth required, sample integrity, the
type of material used to make the sampler (plastic
should not be used for organic analyses) and the
sample volume required (Environment Canada,
2002 a and b; Figure 4.10).

Sediments

e Grab samplers. Samplers equipped with a set
of jaws and suitable for high-volume sampling
of homogenous sediment. Grab sampler types
include Ekman, Ponar, Van Veen, Shipek,
Smith-Mclintyre and US BM54 samplers.

e Corers. Tubes sunk into the sediment by
various means to obtain a core of known
length. Corers usually make it possible to
characterise the entire depth of sediment and
to obtain unmixed sediment samples. Corer
types include:

» Hand/mechanical corers — deployed by a
diver or a rod (piston)

» Gravity corers — open-barrel or piston-
/cable-operated

» Vibratory corers

e Subsampling of cores or grab sampling must be
carried out for subsequent laboratory analysis.

® Pore water fills the interstices between
sediment particles. In general, concentrations
of different substances tend to reach an
equilibrium  between pore water and
sediment (Environment Canada, 2002 b). Pore
water can be used to assess the mobility of
carbon from the sediment into the water
column. However, pore water extraction
methods usually affect DOC content.

» Direct methods
= dialysis. (may be used to extract
dissolved gas);
= direct suction.
» Indirect methods
= centrifuging,
= squeezing.

Detailed sampling methods, sample acceptability
criteria, sample manipulation and conservation
methods are described in Appendix 1 — Sediment
Sampling Guide for Dredging and Marine
Engineering Projects in the St. Lawrence River.
Volume 2, Field Operations Manual.
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Figure 4.10 — Selection of sediment sampler

4.2.3 Determining total, organic and
inorganic carbon (TC, TOC and TIC)

Carbon analysis (TC, TOC and TIC) from sediment or

water samples (or soils for the terrestrial ecosystem, 3.
see Sections 3.2.2.2 and 3.2.2.4) can be analysed with

an elemental automated carbon analyser. The main

steps in determining carbon in water are described in
APHA-AWWA-WEF (2005) — Standard Methods 5310,

and can be resumed as follows:

1. Filtration separates the particulate from the
dissolved form of carbon using filters with a
pore size of 0.45 um. An electrical or manual
pump must be used to create the vacuum in
the filter apparatus. The filtrate is analysed for 4.
DOC concentration and the filter for POC.
Water samples (filtrate) and filters can either
be sent to a specialised laboratory for analysis
or analysed in a field lab at the end of the day
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using an elemental automated carbon
analyser (steps 3-6).

Inorganic carbon is removed by acidification
and sparging.

The remaining carbon (assumed to be of organic
form) can be oxidised by the Combustion-
Infrared method, the Persulphate-Ultraviolet
oxidation method, the Wet-Oxidation method
(APHA-AWWA-WEF, 2005), or with ozone or UV
fluorescence (Kolka et al, 2008). For
determination of carbon in soil, dry combustion
at high temperature is the recommended
method as wet combustion can lead to
underestimation of carbon content (Burton and
Pregitzer, 2008).

The CO, generated by the oxidation process is
measured (Kolka et al., 2008). The amount of
CO, generated at this step corresponds to the
TOC concentration.
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5. Total carbon (TC) generated at steps 2
(inorganic — TIC) and step 4 (organic — TOC) is
recorded by the analyser.

6. TIC concentration is determined by the
difference between TC and TOC.

QA/QC items:

e Many kinds of filters may be used but it is
important that they do not release any DOC
during filtration (Kolka et al., 2008). Filtration for
DOC is carried out with a glass-fibre filter (to
reduce adsorption of DOC on the filter) or with a
metal membrane during or immediately after
sample collection (WMO, 1994).

e The filter and filter apparatus should be
washed with the sample water by discarding
the first 200 ml of filtrate.

e All traces of acid must be removed from the
samples by complete drying to avoid interference
with the analyser’s infrared detector.

5 Gas analysers and
gas measurement
technologies

5.1 Gas chromatography (GC)
analysis

Gas chromatography can be used to analyse dissolved
gas in water using the headspace technique as briefly
describe in Section 4.1.1.3 or simply for analysing gas
in air samples such as those collected from the soil/low
vegetation chamber method (Section 3.1.2.1) or from
the aquatic diffusive surface flux chamber method
(Section 4.1.1.1). CH, is analysed with a GC equipped
with a flame ionisation detector (GC-FID), CO, with a
thermal conductivity detector (GC-TCD), and N,O with
an electron capture detector (GC-ECD). General gas
chromatography principles and techniques are
described in handbooks such as those by McNair and
Miller (2009) and Willard et al. (1988).

source and detector are enclosed in a sample
chamber or light tube .

Key features for good measurements are pressure
and temperature compensation (Hashmonay and
Crosson, 2009). Some instruments measure
pressure and temperature, and automatically
compensate for variations in those variables, while
others do not.

The gas analysers or technologies listed below can
be used for measurements in both terrestrial and
aquatic systems. Appendix 2 lists a number of
suppliers and cost estimates. Figure 2.4 presents
advantages and constraints of the various
technologies. Analyser techniques depend on light
source type (mid- to near-infrared) and how the
light spectrum is treated (position of filter, mirror
types and numbers).

* Non-dispersive infrared (NDIR): The term
“non-dispersive” refers to the fact that all of
the light passes through the gas sample and is
filtered just before the detector.

®  Fourier-transformed infrared (FTIR):
Measurements of electromagnetic or other
types of radiation.

e Tunable diode laser spectroscopy (TDLS): Uses
a tunable (adjustable) diode laser source that
emits in the mid-infrared spectral region
(between 3 and 30 um).

e Cavity ring down spectroscopy (CRDS): A
typical CRDS setup consists of a laser that is
used to illuminate an optical cavity, which in
its simplest form consists of two highly
reflective mirrors.

5.2 Infrared gas analysers (IRGAs)

All such analysers have two main components: a
light source and a detector. Open-path analysers
have an open path between the detector and light
source; whereas in closed-path systems, the light

5.3 Automated systems

Automated systems combine a measuring
instrument with a programmed data logger to
sample at fixed intervals. Continuous
measurements may clearly reveal seasonal trends
in GHG and ancillary variables. This type of system
should be used to the extent possible for both
terrestrial and aquatic GHG variable monitoring.

For example, in aquatic ecosystems, continuous
measurement of gas partial pressure highlights the
importance of seasonal and annual variations
(Figure 5.1) and thus on GHG emissions. In boreal
reservoirs, the use of automated systems have
clearly shown 1) a significant increase of pCO,
under the ice cover, 2) a decrease in pCO, in spring
corresponding to the ice-melting period, and 3)
lowest pCO, in late spring or summer, depending
of the ecosystem (Demarty et al., 2009).
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Figure 5.1 — pCO2 data collected using a CO2 Analyser and a datalogger at Eastmain-1 Reservoir

6 Ancillary
measurements

Certain ancillary variables are not necessary for any
GHG measurements and calculations yet represent

understanding of the trends in GHG emissions. Some
of these variables are listed below. Various standard
measurement protocols exist from national and
international agencies. The International
Organization for Standardization (ISO) provides
protocols for many of the variables presented below
and elsewhere in the manual such as pH, conductivity
and TOC (Appendix 1). Other equally good standards
may exist elsewhere. Table 6.1 presents a summary

recious information for a comprehensive . . .
P P of ancillary variables and their role.
Type Ancillary variable Indication / impact
Water quality Dissolved oxygen Indicator of productivity and metabolic state

Biological oxygen demand
Chlorophyll a

Nitrogen and phosphorus

Ammonia nitrogen (NHy)

Tota Kjedahl nitrogen
Nitrites (NO,") and nitrates (NO5 ')
Total phosphorus and orthophosphates
Water color
Water transparency
Turbidity
Suspended solids

Conductivity

pH
Alkalinity
Water level
Sediment discharge
Residence time
Wave height
Air temperature
Relative humidity
Wind direction
Precipitation
Atmospheric GHG concentrations

Physical water variables

Indicator of secondary production

Indicator of primary production and trophic state

Indicator of productivity and trophic state

Indicator of agriculture or urban run-off

Indicator of productivity and trophic state

Indicator of secondary production (nitrifiers)

Indicator of primary production,trophic state and agriculture or urban run-off
Indicator of organic carbon content

Indicator of organic carbon content

Indicator of particulate carbon content available for transport

Indicator of particulate carbon content available for transport

Used to calculate pCO, using thermodynamic equations

Indicator of free CO, content and used to cal culate pCO, using thermodynamic equations
Used to calculate pCO, using thermodynamic equations

Affects the drawdown zone (aquatic vs. terrestrial)

Affects the particul ate carbon stock

Affects sedimentation and mineralization rates

Affects measurement of fluxes using a floating chamber

Indicator of climate type

Indicator of climate type

Indicator of wind speed and turbulence (fetch)

Affects the leakage of organic material from the river basin to the aguatic system
Indicator of large scale impacts of reservoir creation

Table 6.1 —

Summary of ancillary variables and their role
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6.1 Water quality

For water quality variables, samples should be
collected with a water sampler-integrator
(Figure 4.9) of the photic zone (1 to 10 m). If the
depth exceeds 10 m, a bottom sample should also
be collected.

6.1.1 Dissolved oxygen

Dissolved oxygen (DO) is used as an indicator of
the metabolism of a water body. High DO
correlates with systems having high primary
productivity (also called “autotrophic systems”);
whereas, low DO correlates with a high respiration
rate and thus systems having high secondary
productivity (also called “heterotrophic systems”).

WMO (1994) — No. 168, Chapter 17: The WMO
suggests that the dissolved-oxygen concentrations
may be determined directly with a DO meter or by
a chemical method, such as Winkler analysis.

APHA-AWWA-WEF (2005) - Standard Method
4500-0: The Winkler, or iodometric method,
consists of oxidation of DO by addition of divalent
manganese solution, followed by a strong alkali.
The iodine obtained is then titrated with a
standard solution of thiosulphate. The titration
end point can be detected visually, with a starch
indicator, or electrometrically, with potentiometric
or dead-stop techniques. The free iodine can also
be measured directly by simple absorption
spectrophotometers. Also, several modifications of
the iodometric method are given to minimize the
effect of interfering materials.

ASTM (2005) - Standard Test D888-05: Three
methods are given: titrimetric procedure — high
level, instrumental probe procedure and
luminescence-based sensor.

6.1.2 Biological oxygen demand

Biochemical oxygen demand (BOD) measures the
amount of oxygen consumed by micro-organisms
in decomposing organic matter in stream water.
BOD also measures the chemical oxidation of
inorganic matter.

WMO (1994) — No. 168, Chapter 17: One of the
most commonly used measuring methods is the
dilution method; however, manometric techniques
may have advantages under certain circumstances.
BOD is calculated from the measurement of
volumetric dilution of the sample and the
difference  between the  dissolved-oxygen
concentrations of the sample before and after a
five-day incubation period. The temperature

should be kept at 20°C during that period, and
atmospheric oxygen should be kept away from the
sample, which is stored in the dark to minimize the
effect of photosynthetic action of green plants.

6.1.3  Chlorophyll a

Chlorophyll a is a proxy for the productivity of a
water body. Associated with phosphorus or nitrogen
concentration, it allows the determination of the
trophic state of a water body.

APHA-AWWA-WEF (2005) - Standard Method
10200H: The sample is concentrated by centrifuging
or filtering. The pigments are extracted from the
plankton concentrate with aqueous acetone and the
optical density (absorbance) of the extract is
determined with a spectrophotometer or by
fluorimetric determination.

6.1.4 Nitrogen and phosphorus

Nitrogen and phosphorus are the major nutrients
limiting  freshwaters primary production.
Associated with chlorophyll a concentration, they
allow the determination of the trophic state of a
water body.

6.1.4.1 Ammonia nitrogen

APHA-AWWA-WEF (2005) - Standard Method
4500-NH3: This method applies to measurements in
drinking and surface waters, and in domestic and
industrial wastes. Dissolved ammonia (NHs(aq) and
NH,") is converted to NH;(aq) by raising pH. NHs(aq)
diffuses through the membrane and changes the
internal solution pH that is sensed by a pH
electrode. The fixed level of chloride in the internal
solution is sensed by a chloride ion-selective
electrode that serves as the reference electrode.

USEPA (1993) — Method 350.1 Revision 2: This
method covers the determination of ammonia in
drinking, ground, surface and saline water, and in
domestic and industrial wastes. The sample is
buffered and distilled into a solution of boric acid.
Alkaline phenol and hypochlorite react with
ammonia to form indophenol blue, which is
proportional to the ammonia concentration. The
blue colour formed is intensified with sodium
nitroprusside and measured colorimetrically.

ASTM (2008) - Standard Test D1426-08: This
standard is an ion-selective electrode method. It is
applicable to the determination of ammonia
nitrogen in reagent and effluent water. The test
method is applicable to surface and industrial
water, and to wastewater following distillation.
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6.1.4.2 Total Kjeldahl nitrogen

APHA-AWWA-WEF (2005) - Standard Method
4500-N org. B: Acid digestion, distillation and
determination with a specific electrode. In the
presence of H,SO,, potassium sulphate (K,SO,) and
a cupric sulphate (CuSO,) catalyst, the amino
nitrogen of many organic materials is converted to
ammonium. Free ammonia also is converted to
ammonium. After addition of a base, the ammonia
is distilled from an alkaline medium and absorbed
in boric or sulphuric acid. The ammonia may be
determined colorimetrically, by an ammonia-
selective electrode technique, or by titration with
a standard mineral acid.

ASTM (2006) — Standard Test D3590-02: The
standard contains the manual digestion/distillation
method and the semi-automated colorimetric
Bertholt method.

6.1.4.3 Nitrites and nitrates

APHA-AWWA-WEF (2005) - Standard Method
4500-NO;5: NOj is reduced almost quantitatively
to nitrite (NO,). The NO, thus produced is
determined by the formation of a highly coloured
azo dye that is measured colorimetrically.

ASTM (2009) — Standard Test D3867-09: These
test methods cover the determination of nitrite
nitrogen, nitrate nitrogen, and combined nitrite-
nitrate nitrogen in water and wastewater. The
following two test methods are given: Test
Method A — Automated cadmium reduction and
Test Method B — Manual cadmium reduction.
These test methods are applicable to surface,
saline, waste and ground water.

USEPA (1993) — Method 353.2 Revision 2.0: This
method covers the determination of nitrite alone,
or nitrite and nitrate combined in drinking, ground
and surface water, and in domestic and industrial
wastes. A filtered sample is passed through a
column containing granulated copper-cadmium to
reduce nitrate to nitrite. The nitrite is treated to
form a highly coloured azo dye, which is measured
colorimetrically.

6.1.4.4 Total phosphorus and orthophosphates

APHA-AWWA-WEF (2005) - Standard Method
4500-P E: Phosphorus analyses entail two general
procedural steps: (a) conversion of the phosphorus
form of interest to dissolved orthophosphate, and
(b) colorimetric determination of dissolved
orthophosphate. Filtration through a membrane
filter with a pore size of 0.45 [ih separates
dissolved from suspended forms of phosphorus.

USEPA (1993) — Method 365.1 Revision 2.0: This
method covers the determination of specified
forms of phosphorus in drinking, ground and
surface water, and in domestic and industrial
wastes. The methods are based on reactions that
are specific to the orthophosphate ion. The form
measured  depends on the prescribed
pretreatment of the sample. The most commonly
measured forms are total and dissolved
phosphorus, and total and dissolved
orthophosphate. Reaction with a reagent creates a
complex that is reduced by ascorbic acid to an
intensely blue-coloured complex. The colour is
proportional to the phosphorus concentration and
is measured automatically.

6.1.5 Water colour

The water colour is a proxy for the estimation of
the organic matter concentration.

WMO (1994) — No. 168, Chapter 17: The true
colour is observed after filtration or
centrifuging. Colour results from the presence of
metallic ions, humus and peat materials,
plankton, and industrial wastes. Colour may be
obtained by visually comparing standard glass
colour disks with tubes filled with the sample.

6.1.6 Water transparency

WMO (1994) — No. 168, Chapter 17: Transparency
of water is determined by its colour and turbidity. A
measure of transparency can be obtained from the
depth in metres at which a 20- to 30-cm disk, called
a “Secchi disk”, usually painted in black and white
quadrants, disappears when slowly lowered straight
down into the water. Standard block letter on white
paper is sometimes used instead of the disk.

6.1.7 Turbidity

Turbidity is an optical measurement of suspended
solids, such as clay, silt, organic matter, plankton
and microscopic organisms, in a water sample.

WMO (1994) — No. 168, Chapter 17: Turbidity
can be measured by nephelometric methods
and be expressed in nephelometric turbidity
units (NTU). Nephelometric methods measure
light scattering by suspended particles.
Instruments of different design, however, may
give different results for the same sample.

APHA-AWWA-WEF (2005) - Standard Method
2130: It was originally measured by the Jackson
candle turbidimeter method, but, this method
cannot measure under a turbidity of 25 Jackson
Turbidity Units (JTU). Thus, for samples under that
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value, indirect secondary methods had to be used.
Today, the electronic nephelometers are the
preferred instruments for turbidity measurement.

6.1.8 Suspended solids

APHA-AWWA-WEF (2005) - Standard Method
2540-D: A well-mixed sample is filtered through a
weighed standard glass fibre filter and the residue
retained on the filter is dried to a constant weight
at 103°C to 105°C. The increase in weight of the
filter represents the total suspended solids.

6.1.9 Conductivity

U.S. EPA (1982) — Method 120.1: This method is
applicable to drinking, surface, and saline water,
domestic and industrial wastes and acid rain
(atmospheric deposition). The specific
conductance of a sample is measured by use of a
self-contained conductivity meter, Wheatstone
bridge-type, or equivalent. Samples are preferably
analysed at 25°C. If not, temperature corrections
are made and results reported at 25°C.

6.1.10 pH

Special care must be taken when measuring the
pH of water since pH and pCO, are tightly linked
(Figure 4.6). In the field, completely fill the bottle
with the water sample and close the bottle under
the water surface. The bottle’s gap must be as
small as possible to prevent gas from escaping
when the electrode is inserted into the bottle and
during pH measurement (a cap with septa
maintaining a hermetic seal when inserting the
electrode would be better).

APHA-AWWA-WEF (2005) — Standard Methods
4500-H+: At a given temperature the intensity of
the acidic or basic character of a solution is
indicated by pH or hydrogen ion activity. pH can be
measured by the electrometric method. The basic
principle of electrometric pH measurement is
determination of the activity of the hydrogen ions
by potentiometric measurement using a standard
hydrogen electrode and a reference electrode.

U.S. EPA (1982) — Method 150.2: This method is
applicable to drinking, surface, and saline waters,
domestic and industrial wastes and acid rain
(atmospheric deposition). The pH of a sample is
determined electrometrically using either a glass
electrode in combination with a reference potential
or a combination electrode. Samples should be
analysed as soon as possible after collection,
preferably in the field at the time of sampling.

6.1.11 Alkalinity

APHA-AWWA-WEF (2005) — Standard Methods
2320: Alkalinity of water is its acid-neutralising
capacity. It is the sum of all the titratable bases.
Alkalinity of many surface waters is primarily a
function of carbonate, bicarbonate, and hydroxide
content; therefore it is taken as an indication of the
concentration of these constituents. Measures also
may include borates, phosphates, silicates, or other
bases if these are present. Alkalinity depends on the
end-point pH used. pH is needed to determine the
inflection points from titration curves and is the
rationale for titrating to fix pH end points. The
titration curve is constructed by recording sample
pH with a pH meter after successive small measured
additions of titrant to identify inflection points and
buffering capacity. For more information, refer to
the complete method.

6.2 Physical water variables

6.2.1 Water level

WMO (1994) — No. 168, Chapter 10: Water level,
or stage, is the elevation of the water surface of a
stream, lake or other water body relative to a
datum. It should be observed with a precision of
one centimetre in general and of three millimetres
at continuous-record gauging stations.

6.2.2 Sediment discharge

WMO (1994) - No. 168, Chapter 13:
Instantaneous samples are usually taken by trap
samplers consisting of a horizontal cylinder
equipped with end valves, which can be closed
suddenly to trap a sample at any desired time
and depth. Suspended-sediment samples are
usually processed and analysed in special
laboratories where, after a settling time of one
to two days, the water is carefully drained off
and the remaining sediment is oven-dried at a
temperature of about 110°C, and weighed.

6.2.3 Residence time

Residence time is a measure of the average time a
substance spends within a physical system. This
substance could be any particle flowing with the
water. Residence time is determined by the total
volume of water divided by the water flow at the
outlet. Total volume may be estimated by
performing a bathymetric survey and water flow is
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measured with a flow gauge. In a reservoir, the
total water flow (turbine and spillway) is used.

6.2.4 Wave height

Wave height is the vertical distance between the
wave crest and trough, the period is the time (in
seconds) it takes two successive wave crests to
pass a stationary point, and the wavelength is the
distance between successive crests (USACE, 1981).

To measure wave height, the significant wave
height, Hs, is commonly use. Hy/; and H,,o are both
considered good estimates of Hs. Hys is the
average wave height of the one-third largest
waves estimated during the sampling period by an
experienced observer. Significant wave height,
Hmo, is calculated from the wave elevation
variance, which is also the zero moment, mo, of a
non-directional wave spectrum in which the
summation is over all frequency bands of the
non-directional spectrum. An assumption for
approximating significant wave height by H., is
that wave spectra are narrowband. This method
for determining significant wave height is suitable
for nearly all purposes. More explanations for
measuring wave height can be found in NOAA
(1996) — NDBC Technical Document 96-01, and
WMO (1998) — No. 702.

6.3 Climatic conditions

6.3.1 Air temperature

WMO (2008) — No. 8, Part | - Chapter 2:
Meteorological requirements for temperature
measurements primarily relate to the following:
(a) the air near the Earth’s surface; (b) the surface
of the ground; (c) the soil at various depths; (d) the
surface levels of the sea and lakes; (e) the upper
air. Continuous records are desirable, especially in
connection  with  humidity = measurements.
Thermometers must be shaded from the sun
without restricting natural ventilation.
Measurements of air temperature should be
accurate to within +0.3°C.

6.3.2 Relative humidity

WMO (2008) — No. 8, Part | - Chapter 4: Relative
humidity is the ratio in percent of the observed
vapour pressure to the saturation vapour pressure
with respect to water at the same temperature
and pressure. Humidity can be measured with a
hygrometer. Particular requirements include:
protection from direct solar radiation, atmospheric

contaminants, rain and wind; and avoidance of the
creation of a local microclimate within the sensor
housing structure or sampling device.

6.3.3 Wind direction

WMO (2008) — No. 8, Part | - Chapter 5: Wind
direction is defined as the direction from which
the wind blows, and is measured clockwise from
geographical (“true”) north. Wind direction should
be reported in degrees to the nearest 10°. Surface
wind is usually measured by a wind vane, and a
cup or propeller anemometer.

6.3.4 Precipitation

WMO (2008) — No. 8, Part | - Chapter 6:
Precipitation is defined as the liquid or solid
products of the condensation of water vapour
falling from clouds or deposited from air onto the
ground. It includes rain, hail, snow, dew, rime,
hoar frost and fog precipitation. The total amount
of precipitation which reaches the ground in a
stated period is expressed in terms of the vertical
depth of water (or water equivalent in the case of
solid forms) to which it would cover a horizontal
projection of the Earth’s surface. Daily amounts of
precipitation should be read to the nearest
0.2 mm and, if feasible, to the nearest 0.1 mm;
weekly or monthly amounts should be read to the
nearest 1 mm. Several types of gauges can be used
and are chosen to reduce potential errors, such as
the effect of wind. The common observation times
are hourly, three-hourly and daily, for synoptic,
climatological and hydrological purposes.

6.3.5 Atmospheric GHG
concentrations

Atmospheric  GHG concentrations in the
troposphere can be carried in aircraft to measure
the large scale impacts of the creation of a
reservoir. Automated instrument packages can be
installed onboard passenger aircraft equipped with
an advanced multi-probe inlet system (Schuck et
al., 2009). GHG samples are analysed by gas
chromatography. The chromatograph is calibrated
using four standard cylinders of known gas mixture
(Schuck et al., 2009).
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7 Quality assurance
and quality control

The International Organization for Standardization
(ISO) provides guidance on the preservation and
handling of water samples, on quality assurance of
environmental water sampling and handling, and
analytical quality control for chemical and
physicochemical water analysis.

7.1 General considerations

A Quality Assurance/Quality Control (QA/QC)
programme contributes to improve transparency,
consistency, comparability, completeness, and
confidence in any study programme.

A quality assurance and quality control (QA/QC)
programme for the measurement of GHG
emissions (diffusion, bubbling and GHG export
downstream of dams), and carbon stock will
include the following points: establishment of a
QA/QC management plan, instrument
calibration, prevention of samples
contamination and deterioration to ensure good
measurements, data validation (including
identification of bias or systematic error,
precision of data or closeness), and a posteriori
analysis and report.

IPCC (2000, 2006) provides a good definition of
QC/QA system for national greenhouse gas
emission inventories; detailed procedures are
giving in their guides Good Practice Guidance and
Uncertainty Management in National Greenhouse
Gas Inventories (Chapter 8), and 2006 IPCC
Guidelines  for National Greenhouse Gas
Inventories (Volume 1, Chapter 6). The IPCC
defined the terms as follow:

e Quality Control (QC) is a system of routine
technical activities, to measure and control
the quality of the inventory as it is being
developed. QC activities include general
methods such as accuracy checks on data
acquisition and calculations and the use of
approved standardised procedures for
emission calculations, measurements,
estimating uncertainties, archiving
information and reporting.

e Quality Assurance (QA) activities include a
planned system of review procedures
conducted by personnel not directly involved

in the inventory compilation/development
process. Reviews verify that data quality
objectives were met, ensure that the
inventory represents the best possible
estimates of emissions and sinks given the
current state of scientific knowledge and data
available, and support the effectiveness of the
QC programme.

Other documents published by International
Agencies; e.g., Environment Protection Agency
(U.S.A.), Regional Environmental Center (Europe),
or Environment Canada (Canada), will also
explained procedures of QA/QC. Each country and
each study should develop its own QA/QC
programme. QA/QC programmes will differ
between studies based on the budget available,
amount of data to be collected, type of
instruments used, or other factors.

For aquatic sampling, a lot of information about
QA/QC can be found in the Standard Method for
the Examination of Water and Wastewater (APHA-
AWWA-WEF, 2005) in Section 1020.

For meteorogical data sampling, we can refer to
the Guide to Meteorological Instruments and
Methods of Observation; Part IIl (WMO, 2008).

For hydrological data sampling: Guide to Hydro-
logical Practices - Data Acquisition and Processing,
Analysis, Forecasting and Other Applications;
Chapter 22 (WMO, 1994).

Samples for laboratory analysis

The following items should be considered when
samples are collected for laboratory analysis (field
laboratory or accredited laboratory):

1) Collection: Samples must be collected and
properly handled, avoiding contamination (for
example by emanation of gas from the boat
engine while measuring with a static
chamber), losses of compounds (e.g.,
microbial  degradation, sample drying,
oxidation, volatilisation).

2) Duplicate measurements should be analysed.

3) Conservation: Follow the pre-treatment,
conservation procedures (e.g., conservation
agent, temperature), and analyse delay of
each variable.

4) Analysis: The right method should be
identified; e.g., the method can change for the
same  variable depending on the
concentration.

5) Internal controls from the laboratory:
Different controls can be applied to ensure
the reliability of the results: Field blank; use of
3 to 6 measurement standards covering the
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range of the measures to generate the
standard curve; analyse method blanks
regularly through the sample analyses (1
sample each 20 samples); use fortified
samples (1 sample each 10 samples); analyse
in triplicate some samples regularly to check
the repeatability of the analyses (1 sample
each 10 samples); use of control samples that
are coming or from another laboratory, or of a
certified organisation; measurements of
samples near the detection limit.

6) Comparison of results between two
different laboratories.

7) Sending ghost samples: duplicate samples that
are identified differently.

7.2 Instruments

1) Testing, calibrating with standards and

intercomparison of instruments are basic steps
that should be included in a QA programme.

2)

3)
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The operator of the instrument must be
trained and have the required competence in
making the analysis.

Each instrument’s maintenance specifications
need to be followed. As a general rule, most
instruments need to be zeroed, calibrated and
warmed up before use. Zeroing and
calibration can be performed by the user or by
the manufacturer, depending on the
instrument. The warm-up period can vary
greatly between instruments.
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Field Manual
Appendix 1

Internet links to reference
documents and procedures

1. Draft General Guidelines on Sampling

and Surveys - United Nations
Framework Convention on Climate
Change, 2009

https://cdm.unfccc.int/EB/047/eb47_rep
an27.pdf

2. Proposed New Baseline and Monitoring
Methodologies for Estimating GHG
Emissions from the Bumbuna
Hydroelectric Project, Sierra Leone,

CDM-NMO00121 - United Nations
Framework Convention on Climate
Change, 2007

http://cdm.unfccc.int/methodologies/PA
methodologies/publicview.html?status=p
ending&meth_ref=NM0121-rev

3. Forest Inventory and Analysis National Core
Field Guide. Volume 1, Field Data Collection
Procedures for Phase 2 Plots — United States
Department of Agriculture, 2006

http://fia.fs.fed.us/library/field-guides-
methods-proc/docs/2006/core_ver_3-
0_10_2005.pdf

4. Sediment Sampling Guide for Dredging
and Marine Engineering Projects in the
St. Lawrence River. Volume 1, Planning
Guidelines — Environment Canada, 2002

http://www.slv2000.qc.ec.gc.ca/bibli
otheque/centre_docum/phase3/guid
e_sediments/Guide_vol_1_a.pdf

5. Sediment Sampling Guide for Dredging
and Marine Engineering Projects in the
St. Lawrence River. Volume 2, Field
Operations Manual - Environment
Canada, 2002

http://www.slv2000.qc.ec.gc.ca/bibli
otheque/centre_docum/phase3/guid
e_sediments/Guide_vol_2_a.pdf

6. Good Practice Guidance for Land-Use,
Land-Use Change and Forestry.
International Panel on Climate Change
(IPCC), 2003
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http://www.ipcc-

nggip.iges.or.jp/public/gpglulucf/gpgluluc
f_contents.html

2006 IPCC Guidelines for National
Greenhouse Gas Inventories.
International Panel on Climate Change
(IPCC), 2006

http://www.ipcc-
nggip.iges.or.jp/public/2006gl/index.html

International Organization for
Standardization, Guidance and Sampling
Procedures

Water quality -- Sampling -- Part 4: Guid-
ance on sampling from lakes, natural and
man-made

ISO 5667-4:1987

Abstract: Presents detailed principles to
be applied to the design of programmes,
techniques and the handling and
preservation of samples of water. The
main objectives are measurements of
quality characterisation, of quality control
and for specific reasons. Microbiological
examinations are not included.

http://www.iso.org/iso/iso_catalogue/
catalogue_tc/catalogue_detail.htm?cs
number=11767

Water quality -- Sampling -- Part 1: Guid-
ance on the design of sampling pro-
grammes and sampling techniques

ISO 5667-1:2006

Abstract: 2006 sets out the general
principles for, and provides guidance on,
the design of sampling programmes and
sampling techniques for all aspects of
sampling of water (including waste
waters, sludges, effluents and bottom
deposits).

http://www.iso.org/iso/iso_catalogue/
catalogue_tc/catalogue_detail.htm?csn
umber=36693

Water quality -- Guidance on analytical
quality control for chemical and physico-
chemical water analysis

ISO/TS 13530:2009

Abstract: ISO/TS 13530:2009 is applicable
to the chemical and physicochemical
analysis of all types of waters. It is not
intended for application to the analysis of
sludges and sediments (although many of
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its general principles are applicable to
such analysis) and it does not address the
biological or microbiological examination
of water. Whilst sampling is an important
aspect, this is only briefly considered.

http://www.iso.org/iso/catalogue_detail.
htm?csnumber=52910

» Water quality - Sampling -- Part 12:
Guidance on sampling of bottom sediments

ISO 5667-12:1995

Abstract: Provides guidance on the
sampling of sediments from rivers,
streams, lakes and similar standing waters
and estuaries. Sampling of industrial and
sewage works sludges and ocean
sediments are excluded.

http://www.iso.org/iso/iso_catalogue/
catalogue_tc/catalogue_detail.htm?csn
umber=11776

» Water quality -- Sampling -- Part 14:
Guidance on quality assurance of envi-
ronmental water sampling and handling

ISO 5667-14:1998

http://www.iso.org/iso/iso_catalogue/
catalogue_tc/catalogue_detail.htm?csn
umber=24199

» Water quality -- Sampling -- Part 3: Guid-
ance on the preservation and handling of
water samples

ISO/CD 5667-3

Abstract: SO 5667-3:2003 gives
general guidelines on the precautions
to be taken to preserve and transport
all water samples including those for
biological analyses but not those
intended for microbiological analysis.

These guidelines are particularly
appropriate when spot or composite
samples cannot be analysed on-site
and have to be transported to a
laboratory for analysis.

http://www.iso.org/iso/iso_catalogue/cat
alogue_ics/catalogue_detail_ics.htm?csnu
mber=33486

» Water quality -- Sampling -- Part 6: Guid-
ance on sampling of rivers and streams

ISO 5667-6:2005

Abstract: ISO 5667-6:2005 sets out
the principles to be applied to the
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design of sampling programmes,
sampling  techniques and the
handling of water samples from
rivers and streams for physical and
chemical assessment.

It is not applicable to the sampling of
estuarine or coastal waters and has
limited applicability to
microbiological sampling.

It is also not applicable to the
examination of sediment, suspended
solids or biota.

http://www.iso.org/iso/iso_catalogu
e/catalogue_tc/catalogue_detail.htm
?csnumber=34815

Water quality -- Evaluation of the aerobic
biodegradability of organic compounds at
low concentrations -- Part 2: Continuous
flow river model with attached biomass

ISO 14592-2:2002

Abstract: 1ISO 14592-2:2002 specifies
a method for evaluating the
biodegradability of organic test
compounds by aerobic micro-
organisms in natural waters by means
of a continuous flow river model with
attached biomass.

ISO 14592-2:2002 is applicable to
organic test compounds present in
lower concentrations than those of
natural carbon substrates also
present in the system. . Under these
conditions, the test compounds serve
as a secondary substrate and the
kinetics for biodegradation would be
expected to be first order (non-
growth kinetics).

ISO 14592-2:2002 is applicable to
organic test compounds, which under
the conditions of the test and at the
chosen test concentration, are water
soluble, quantitatively detectable
with appropriate analytical methods
or available in radiolabelled form,
non-volatile from aqueous solution,
not significantly adsorbed, not
photolyzed and not inhibitory to the
microorganisms of the test system.

This test is not recommended for use as
proof of ultimate biodegradability
(mineralisation) which is better assessed
using other standardised tests.
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http://www.iso.org/iso/catalogue_de
tail.htm?csnumber=24871

Water quality -- Evaluation of the aerobic
biodegradability of organic compounds at
low concentrations -- Part 1: Shake-flask
batch test with surface water or surface
water/sediment

ISO 14592-1:2002

ISO 14592-1:2002 specifies a test
method for evaluating the
biodegradability of organic test
compounds by aerobic
microorganisms in surface waters by
means of a shake-flask batch test
with suspended biomass. It s
applicable to natural surface water,
free from coarse particles to simulate
a pelagic environment (pelagic test)
or to surface water with suspended
solids or sediments added to obtain a
level of 0.1 g/l to 1 g/l dry mass
(suspended sediment test) to
simulate a water-to-sediment
interface or a water body with
resuspended sediment material.

ISO 14592-1:2002 is applicable to
organic test compounds present in
lower  concentrations  (normally
below 100 micrograms per litre) than
those of natural carbon substrates
also present in the system. Under
these conditions, the test compounds
serve as a secondary substrate and
the kinetics for biodegradation would
be expected to be first order (non-
growth kinetics).

This test method is not
recommended for use as proof of
ultimate biodegradation which is
better assessed using other
standardised tests. It is also not
applicable to studies on metabolite
formation and accumulation which
require higher test concentrations.

http://www.iso.org/iso/catalogue_detail.
htm?csnumber=24870

Water quality -- Evaluation of ultimate
aerobic biodegradability of organic com-
pounds in agueous medium -- Carbon di-
oxide evolution test

1SO 9439:1999
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http://www.iso.org/iso/iso_catalogue/catal
ogue_ics/catalogue_detail_ics.htm?ics1=13
&ics2=060&ics3=70&csnumber=26727

Water quality -- Evaluation of ultimate
aerobic biodegradability of organic com-
pounds in agueous medium -- Method by
analysis of inorganic carbon in sealed
vessels (CO, headspace test)

ISO 14593:1999

http://www.iso.org/iso/iso_catalogue/
catalogue_tc/catalogue_detail.htm?csn
umber=24154

Water quality -- Evaluation in an aqueous
medium of the "ultimate" aerobic biode-
gradability of organic compounds --
Method by analysis of dissolved organic
carbon (DOC)

ISO 7827:1994

Abstract: The conditions described do not
always correspond to the optimal
conditions allowing the occurrence of the
maximum value of biodegradation. The
procedure applies to substances which
are soluble at the concentration used
under the test conditions, non-volatile;
not significantly adsorbable on glass; not
inhibitory to the test micro-organisms at
the concentration chosen for the test.

http://www.iso.org/iso/iso_catalogue/
catalogue_tc/catalogue_detail.htm?csn
umber=2219

Determination of the ultimate aerobic
biodegradability of plastic materials un-
der controlled composting conditions --
Method by analysis of evolved carbon di-
oxide -- Part 2: Gravimetric measurement
of carbon dioxide evolved in a laboratory-
scale test

ISO 14855-2:2007

Abstract: I1SO 14855-2:2007
specifies a method for
determining the ultimate aerobic
biodegradability of plastic
materials under controlled
composting conditions by
gravimetric measurement of the
amount of carbon dioxide evolved.
The method is designed to yield an
optimum rate of biodegradation
by adjusting the humidity,
aeration and temperature of the
composting vessel.
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The method applies to the
following materials:

e natural and/or synthetic polymers and
copolymers, and mixtures of these;

e  plastic materials that contain additives
such as plasticisers or colourants;

e water-soluble polymers;

e materials that, under the test
conditions, do not inhibit the
activity of micro-organisms present
in the inoculum.

http://www.iso.org/iso/catalogue_detail.
htm?csnumber=40617

Water quality -- Guidelines for the deter-
mination of total organic carbon (TOC)
and dissolved organic carbon (DOC)

ISO 8245:1999

http://www.iso.org/iso/catalogue_detail.
htm?csnumber=29920

Water quality -- Determination of ammo-
nium nitrogen -- Method by flow analysis
(CFA and FIA) and spectrometric detection

ISO 11732:2005

Abstract: I1SO  11732:2005 specifies
methods suitable for the determination of
ammonium nitrogen in various types of
waters (such as ground, drinking, surface,
and waste waters) in mass concentrations
ranging from 0,1 mg/l to 10 mg/| (in the
undiluted sample), applying either FIA or
CFA. In particular cases, the range of
application may be adapted by varying
the operating conditions.

http://www.iso.org/iso/iso_catalogue/
catalogue_tc/catalogue_detail.htm?csn
umber=38924

Water quality -- Determination of nitrogen -
- Part 1: Method using oxidative digestion
with peroxodisulphate

ISO 11905-1:1997

http://www.iso.org/iso/catalogue_detail.
htm?csnumber=2155

Water quality -- Determination of Kjeldahl
nitrogen -- Method after mineralisation
with selenium

ISO 5663:1984

Specifies a procedure for the
determination of trivalent negative
nitrogen. Organic nitrogen in the

Page | 137

form of azide, azine, azo, hydrazone,
nitrite, nitro, nitroso, oxime or
semicarbazone is not determined
quantitatively. The procedure is
applicable to the analysis of raw,
potable and waste waters.

http://www.iso.org/iso/iso_catalogue/
catalogue_tc/catalogue_detail.htm?csn
umber=11756

Water quality -- Determination of selected
organic nitrogen and phosphorus com-
pounds -- Gas chromatographic methods

ISO 10695:2000

http://www.iso.org/iso/catalogue_detail.
htm?csnumber=18783

Water quality -- Determination of nitrite
nitrogen and nitrate nitrogen and the
sum of both by flow analysis (CFA and
FIA) and spectrometric detection

ISO 13395:1996

http://www.iso.org/iso/iso_catalogue/
catalogue_tc/catalogue_detail.htm?csn
umber=21870

Water quality -- Determination of nitrogen -
- Part 2: Determination of bound nitrogen,
after combustion and oxidation to nitrogen
dioxide, chemiluminescence detection

ISO/TR 11905-2:1997

http://www.iso.org/iso/iso_catalogue/
catalogue_tc/catalogue_detail.htm?csn
umber=23630

Water quality -- Measurement of
biochemical parameters -
Spectrometric determination of the
chlorophyll a concentration

ISO 23913:2006

Abstract: 1SO 23913:2006 specifies
flow injection analysis (FIA) and
continuous flow analysis (CFA)
methods for the determination of
chromium(VI) in various types of
water. The method applies to the
following mass concentration ranges:
for FIA (20 to 200 micrograms per
litre and 200 to 2 000 micrograms per
litre for surface water, leachates and
waste water) and for CFA (2 to 20
micrograms per litre and 20 to 200
micrograms per litre for drinking
water, ground water, surface water,
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leachates and waste water). The
range of application may be changed
by varying the operating conditions.
Seawater may be analysed by these
methods with changes in sensitivity
and after adaptation of the reagent
and calibration solutions to the
salinity of the samples.

http://www.iso.org/iso/iso_catalogu
e/catalogue_tc/catalogue_detail.htm
?csnumber=37017

Water quality -- Determination of pH
ISO 10523:1994

Abstract: The method specified (using a pH-
meter) is applicable to all types of water and
waste water samples in the range from pH 3
to pH 10. The temperature, some gases and
organic materials interfere with the pH-
measurement. Suspended materials in the
sample may cause significant errors. When
measuring sewage and some surface
waters, there is a particularly high risk of
smearing the electrodes or contaminating
the membranes and diaphragm with oil,
grease or other contaminants.

http://www.iso.org/iso/catalogue_detail.
htm?csnumber=18592

Water quality -- Determination of elec-
trical conductivity

ISO 7888:1985

Abstract: Specifies a method for the
measurement of all types of water.
The quantity can be used to monitor
the quality of surface waters, process
waters in water supply and treatment
plants, and waste waters.
Interferences are given.

http://www.iso.org/iso/catalogue_de
tail.htm?csnumber=14838

Water quality -- Determination of turbidity
ISO 7027:1999

http://www.iso.org/iso/catalogue_detail.
htm?csnumber=30123

Water quality -- Determination of dis-
solved oxygen -- lodometric method

ISO 5813:1983

Abstract: Specifies the so-called
Winkler procedure modified in order
to make allowance for certain
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interferences. It is the reference
procedure and applicable to all types
of water having concentrations
greater than 0.2 mg/l, up to double
saturation, which are free from
interfering substances.

http://www.iso.org/iso/catalogue_de
tail.htm?csnumber=11959

Water quality -- Determination of dissolved
oxygen -- Electrochemical probe method

ISO 5814:1990

Abstract: Includes a procedure by means of
an electrochemical cell which is isolated
from the sample by a gas permeable
membrane. Depending on the type of probe
employed measurement can be made
either as concentration of oxygen,
percentage saturation or both. The
procedure is suitable for measurements
made in the field and for continuous
monitoring and in the laboratory. It is the
preferred procedure for highly coloured and
turbid waters. It is suitable for natural,
waste and saline waters.

http://www.iso.org/iso/iso_catalogue/c
atalogue_tc/catalogue_detail.htm?csnu
mber=11961

Water quality -- Examination and deter-
mination of colour

ISO 7887:1994

Abstract: Cancels and replaces the first
edition (1985). Specifies three methods
for the examination of colour: a method
for the examination of apparent colour by
visually observing a water sample in a
bottle; a method for the determination of
the true colour of a water sample using
optical apparatus; a method for the
determination of the colour by visual
comparison  with  hexachloroplatinate
standard  solutions. Under certain
circumstances, strongly coloured water
samples need to be diluted before
examination or determination.

http://www.iso.org/iso/iso_catalogue/ca
talogue_tc/catalogue_detail.htm?csnum
ber=14837

Water quality -- Determination of the
chemical oxygen demand index (ST-COD)
-- Small-scale sealed-tube method

ISO 6060:1989
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Abstract: Method specified is applicable
to water with a value between 30 mg/I
and 700 mg/l. The chloride contents must
not exceed 1000 mg/l. If the value
exceeds 700 mg/l, the water sample is
diluted. For greatest accuracy it is
preferable that the value of the sample is
in the range of 300 mg/I to 600 mg/I.

http://www.iso.org/iso/iso_catalogue/ca
talogue_tc/catalogue_detail.htm?csnum
ber=12260

Soil quality -- Determination of soil mi-
crobial biomass -- Part 1: Substrate-
induced respiration method

ISO 14240-1:1997

Abstract: Contains a method for the
determination of the active aerobic,
heterotrophic microbial biomass in
aerated agricultural and mineral soils.

http://www.iso.org/iso/catalogue_detail.
htm?csnumber=21530

Soil quality -- Determination of soil mi-
crobial biomass -- Part 2: Fumigation-
extraction method

ISO 14240-2:1997

Abstract: Gives a method for the
determination of microbial biomass of soils
by measurement of total extractable organic
biomass material mainly from freshly killed
microorganisms. It is also applicable to the
estimation of microbial nitrogen and
ninhydrin-reactive nitrogen in soil.

http://www.iso.org/iso/iso_catalogue/c
atalogue_tc/catalogue_detail.htm?csnu
mber=23951

Soil quality -- Sampling -- Part 6: Guid-
ance on the collection, handling and
storage of soil under aerobic conditions
for the assessment of microbiological
processes, biomass and diversity in the
laboratory suspensions

ISO 10381-6:2009

Abstract: 1ISO 10381-6:2009 provides
guidance on the collection, handling
and storage of soil for subsequent
testing under aerobic conditions in
the laboratory. The
recommendations in this document
are not applicable to the handling of
soil where anaerobic conditions are
to be maintained throughout.
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ISO 10381-6:2009 is mainly applicable
to temperate soils. Soils collected
from extreme climates (e.g.
permafrost, tropical soils) may
require special handling.

http://www.iso.org/iso/iso_catalogue/c
atalogue_tc/catalogue_detail.htm?csnu
mber=43691

Soil quality -- Laboratory methods for de-
termination of microbial soil respiration

ISO 16072:2002

Abstract: ISO 16702:2002
describes  methods for the
determination of soil microbial
respiration of aerobic, unsaturated
soils. The methods are suitable for
the determination of O, uptake or
CO, release, either after addition
of a substrate (substrate-induced
respiration), or without substrate
addition (basal respiration).

ISO 16702:2002 is applicable to
the measurement  of  soil
respiration in order to:

= determine the microbial activity in
soil (see [2]);

= establish the effect of additives
(nutrients, pollutants, soil improvers,
etc.) on the metabolic performance
of microorganisms;

= determine the microbial biomass
(see [3]);

=  determine the metabolic quotient qCO,.

http://www.iso.org/iso/catalogue_
detail.htm?csnumber=32096

Soil quality -- Determination of organic
and total carbon after dry combustion
(elementary analysis)

ISO 10694:1995

Abstract: Specifies a method for the
determination of the total carbon
content in soil after dry combustion. The
organic carbon content is calculated
from this content after correcting for
carbonates present in the sample. If
carbonates are removed beforehand,
the organic carbon content is measured
directly. Applicable to all types of air-
dried soil samples.

http://www.iso.org/iso/catalogue_detail.
htm?csnumber=18782
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» Soil quality -- Determination of organic

carbon by sulfochromic oxidation
ISO 14235:1998

http://www.iso.org/iso/catalogue_detail.
htm?csnumber=23140

Greenhouse gases -- Part 2: Specification
with guidance at the project level for
quantification, monitoring and reporting
of greenhouse gas emission reductions or
removal enhancements

ISO 14064-2:2006

Abstract: 1SO 14064-2:2006 specifies
principles and requirements and provides
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guidance at the project Ilevel for
guantification, monitoring and reporting
of activities intended to cause greenhouse
gas (GHG) emission reductions or removal
enhancements. It includes requirements
for planning a GHG project, identifying
and selecting GHG sources, sinks and
reservoirs relevant to the project and
baseline scenario, monitoring,
quantifying, documenting and reporting
GHG project performance and managing
data quality.

http://www.iso.org/iso/catalogue_detail?
csnumber=38382
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Field Manual Appendix 2

Equipment cost estimates

Appendix 2 — Equipment cost estimates

Average Cost

Country and date of

Equipment (USD) Remarks / models and suppliers estimate
Water sampler 400 - 900 Acrylic, PVC, horizontal or vertical, Wildco United States, 2009
Box corer 2,000 Eijkelkamp (55 x 500 mm) Canada, 2006
Clear terrestrial chamber 500 See Figure 3.4-3.5 and Table 3.1 Canada, 2009
Dark terrestrial chamber 500 See Figure 3.6 and Table 3.2 Canada, 2009
Aquatic floating chamber 400 Aluminum Canada, 2009
Eddy covariance system 55,000 Without tower; Campbell Scientific Canada, 2009
sy SRS s
Tripod 2,000 Campbell Scientific Canada, 2007
Funnel 400 Hardware stores Canada, 2009
CO, andlyzer 6oo0 oM a”?rg;asiggoé?oz Sysems Li-840 pited States, 2009
CH, analyzer 25,000 Picarro, Los Gatos United States, 2009
CH, underwater sensor 9,000 METS, semi cong?;(;ei?]derwata Sensor, Germany 2008
Multiple gas analyzer 55,000 Gasmet, Los Gatos United States, 2009
Gas chromatograph 60,000 GC, 3 detectors (TCD, FID, ECD) and Canada, 2009

automated sampler
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1.FRAMEWORK

1.1. Format

The manual will be written in English. At a later
state, translation into Spanish, Portuguese, French,
Chinese and other languages may be considered.
The manual will be appropriate for use in planning
measurement campaigns to establish the net GHG
emissions from freshwater reservoirs before and
after their construction and in making the necessary
spatial extrapolation and interpolation, time
integration, and estimation of net emissions from
gross pre- and post-impoundment data. The manual
will contain clear photos, illustrative figures, graphs
and drawings. The content of the report will be
understandable by a skilled technician. A glossary
and reference list will be included.

1.2. Objective

The purpose of the Calculation Manual is to
standardise procedures used for calculating net
GHG emissions resulting from the creation of
reservoirs. The Calculation Manual will be used to
convert field measurements of gross GHG emission
rates into estimates of net GHG emissions. It is thus
a companion to the “UNESCO/IHA Field Manual for
measuring GHG emissions to evaluate the GHG
status of man-made freshwater reservoirs” (the
Field Manual). The Calculation Manual will also
include procedures on how calculate net GHG
emissions resulting from the creation of a reservoir
based on literature data. As the Field Manual, this
manual will be included as a volume of the the
Measurement Guidance. but each one of them will
be a stand-alone document.

According to UNESCO/IHA (2009), “net GHG
emission” is defined as the change in GHG emission
caused by the creation of a reservoir in a river
basin. It is the difference between pre- and post-
reservoir emissions from the portion of the river
basin influenced by the reservoir (both terrestrial
and aquatic ecosystems) at the whole basin level,
including upstream and downstream. Emissions
from the construction phase also have to be
estimated (even when they are not considered to
be important for the whole life cycle of the
reservoir), but these emissions are not covered by
the Field Manual. However, the standard
procedures for Life Cycle Assessments (LCA) in the
construction industry will be referenced in this
document, or included in other documents
associated with the Measurement Guidance.

As part of the UNESCO/IHA GHG Project it is
intended that this Calculation Manual will be
utilised by qualified technicians and scientists to
assess GHG emissions in a sample of representative
sites worldwide. Feedback from this initiative will
be used to improve predictive capacity of the
methods described here.

This Calculation Manual will be applicable world-
wide, for all climates and for reservoirs of all types
and purposes, and under different reservoir
conditions. The procedures will include all three
GHG gases identified as being potentially relevant in
the Scoping Paper (UNESCO/IHA, 2008, Assessment
of the GHG status of freshwater reservoirs: scoping
paper): carbon dioxide (CO,), methane (CH,) and
nitrous oxide (N,0).

Each reservoir to be analysed requires several steps
in the data analysis. Figure 1 illustrates this process,
including the verification of adequacy of the
available data and possible need to redesign the
spatial and temporal resolution of the field and
laboratory point measurements:
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Pre-impoundment

Field and laboratory point
measurements and/or
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Quality assurance, uncertainty

Point data
pr area unit

Spatial
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Pre-impoundment
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Net emissions of creating a reservoir

Post-impoundment
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Quality assurance, uncertainty

Point data
pr area unit

Temporal
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Post-impoundment
gross emission
Pr reservoir and time

a river basin

Figure 1 — General schematic for Data Analysis

The Calculation Manual will describe the
procedures necessary to evaluate the following
elements:

e spatial and temporal resolution;

e calculation and extrapolation from point
samples to areal units (spatial extrapolation
and interpolation);

e calculation and extrapolation from point and
area values to time series (temporal
extrapolation and interpolation);

e calculation of net emissions from gross pre-
and post-impoundment data;

e evaluation of uncertainties.

Other elements may also be considered, such as:

e quality assurance and quality control;

e comparisons of different methodologies
(including UNFCCC criteria), identifying which is
most suitable to each different situation.

The Calculation Manual assumes that the following
are available: hydrological, climate, physical,
chemical and biological characteristics of the
reservoir (including drainage and flooded areas,
topography, reservoir volume, reservoir operation,
residence time and others) and calculated values of

GHG and emission rates from field measurements
(such as emission rates from gas samples, dissolved
GHG from water samples, GHG from bubble
collectors, TOC, DOC, POC etc from water samples,
sediment samples). All these should be obtained as
indicated in the Field Manual.

2.PROPOSED LIST OF
CONTENTS

2.1. The following structure is

proposed for the document:
1. Introduction/Background

2. Spatial Extrapolation
2.1. Flow chart for selection of
adequate methodology
2.2. Pre- and post-impoundment
conditions
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3. Temporal Integration
3.1. Flow chart for selection of the
appropriate methodology
3.2. Seasonal variability
3.3. Interannual variability
3.4. Short-term dynamics of the
GHG emissions

4. Adequacy Analysis of the Spatial
and Temporal Resolution
4.1. Internal adequacy analysis
4.2. Comparison to external
references (similar studies,
reference water bodies)
4.3. Changes in Pre-
impoundment assessments
4.4. Changes in Post-impoundment
measuring design
5. Calculation of Net Emissions
5.1. Boundaries - direct and
indirect impacts on
emissions
5.2. Comparing pre- and post-
impoundment
5.3. Upscaling to 100 years
5.4. Changes in carbon stocks

6. Evaluation of Uncertainties

6.1. Quantifying variability

6.2. Transparency

6.3. Natural, intrinsic or
fundamental uncertainty

6.4. Technical or form
uncertainty - sampling and
error analysis

6.5. Model uncertainty and
error propagation

e the use of data as input, calibration and validation
for empirical models, process-based models;

e the use of results for assessments of existing
reservoirs, planned reservoirs, carbon trading,
mitigation, etc.

Reference will be made to emissions resulting from
the construction of the dam; these include the use of
fossil fuels by machinery and the production of
building materials, such as concrete, steel, fuel, and
others. Although these emissions are not considered
to be important for the whole lifecycle of the
reservoir, a methodology to account for construction-
phase emissions has to be provided, in order to allow
full lifecycle assessments (LCA). As this manual does
not cover detailed LCA analysis, reference to the
standard procedures for the construction industry will
be included in this document.

3.ANNOTATED LIST OF
CONTENTS

3.1. Introduction/Background

This section presents the necessary information to
establish the context and the objectives of the
Calculation Manual. It will include information on:

e short background about GHG status of
freshwater reservoirs, the UNESCO/IHA Project,
scoping paper, need for data;

®* measurements conducted in reservoirs, water-
quality issues, land-use change etc;

3.2. Spatial extrapolation

The number of gauging stations to be used at each
site depends on the age of the reservoir, the
complexity of the site, and the resources available.
The decision requires an empirical indication of the
spatial variability in the variable being measured. The
number will depend on the size and physical
characteristics of the reservoir, but must cover the
main inflow channel(s), the sides or the bays of the
reservoir including shallow parts, points in the
reservoir close to the reservoir outlet, and sites
downstream of the reservoir outlet. Each of these
stations will produce information applicable to an
area of influence that this specific station is
representing. The best strategy is to initially deploy a
large number of stations to capture the
heterogeneity of the reservoir and to then determine
the number required to give a representative sample
that captures the main characteristics.

Currently, different methodologies are being
applied to extrapolate from the point samples to
areal units and to integrate all the points to
estimate the emissions from the entire system. This
manual will establish standard procedures to
perform these estimates.

3.2.1.Flow chart for selection of the
appropriate methodology
The manual will contain a flow chart with yes-no

questions. This will make it easy for the user to
know which methodology to apply.
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3.2.2. Pre- and post-impoundment conditions

The methodology to be proposed will assess the
information regarding  pre- and post-
impoundment conditions.

In the case of pre-impoundment conditions, the
methodology will take into consideration the
catchment/reservoir  terrestrial and  aquatic
environments, the area downstream of the
reservoir site and also assessment of the carbon
stock. If the impoundment has already ocurred,
literature and/or measurements at reference sites
must be used. When using reference sites,
measurements should be made in the catchment at
representative sites for all relevant land- and water-
use at a sufficiently high time resolution to cover
seasonal changes. In the case of post-
impoundment conditions, emissions from the
catchment, in the reservoir, and downstream of the
reservoir site have to be estimated.

3.3. Temporal Integration

Depending on the age of the reservoir, the
complexity of the site, and the available resources,
a different frequency of measurements can be
adopted for each site. |Ideally, automated
measurements should be made at fixed intervals
(e.g., every three hours) to account for diurnal
variation. When this is not possible, alternative
solutions must be applied.

Younger reservoirs in the first years after
impoundment need more measurements to
capture the change in GHG emission and carbon
stocks as the system adjusts. Where seasonality is
important, at least four measurement campaigns
per year are necessary, but monthly monitoring of
key parameters and GHG fluxes is likely to be
required to encompass the seasonal variability and
provide robust mass balance measurements.

Each of these situations encompasses different
conditions of temporal resolution for data collection.
It is necessary to define standard methodologies to
be applied to each case, in order to ensure
compatibility and comparability of the results for the
temporal integration of the available data.

3.3.1.Flow chart for selection of the
appropriate methodology
The manual will contain a flow chart with yes-no

questions. This will make it easy for the user to
know which methodology to apply.

3.3.2.Seasonal variability

The seasonal variation of the fluxes of the whole
reservoir system (including the reservoir and the
river downstream) must be studied to allow an
accurate estimation of the emissions from a
reservoir. Emissions may vary by more than one
order of magnitude within a year because of the
seasonal variations of organic carbon supply,
thermal stratification, irregular convective mixing,
depth, and reservoir operation.

3.3.3.Interannual variability

Significant interannual variation has been observed
in several reservoirs. As result of these
observations, at least two years of observation are
recommended for mature reservoirs. For new
reservoirs, if high gross emissions are observed,
longer periods (up to 10 years) may be necessary to
account for emission reduction as the system
adjusts to a new equilibrium.

3.3.4.Short-term dynamics of the GHG
emissions

Short-term dynamics of the GHG emissions can be
important and it may be necessary to take into
account semidiurnal stratification processes in
order to provide more accurate gas measurements.

3.4. Adequacy analysis of the Spatial
and Temporal Resolution

When designing the measurement campaign to
capture the net GHG emissions from a reservoir in a
river basin, it is important to analyse the potential
spatial and temporal variability in possible GHG
emissions. The analysis should take into account
how seasonal changes in climate, reservoir
operations and carbon load may impact the
temporal variability. Considerations of vegetation
and land use (pre- and post-impoundment),
hydrological and water-quality issues, and other
anthropogenic activities should be included.
Practical issues like accessibility, safety and other
indirect implications must also be considered.

The number of sampling stations is a compromise
between budget, human resources and detailed
objectives. The number of sampling points and the
sampling frequency depend on the observed
heterogeneity of the system and the desired
resolution. Fixed sampling intervals are easier to
analyse, but more frequent sampling during periods
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of greater variations gives better accuracy in the
estimates of time-dependent variables.

The Field Manual will contain a set of methodologies
to determine the number and location of gauging
stations, and the frequency and duration of the
measurements. These elements will allow proper
planning of the measurement campaigns.

The objective of this section of the Calculation Manual
is to analyse the spatial and temporal adequacy of the
monitoring programme (any on-going monitoring
deemed necessary) — as shown in the Figure 1
(feedback loop in the general schematic).

3.4.1.Internal adequacy analysis

e Comparison of the GHG emission data dynamics
with water-quality parameter dynamics, with a
view to identifying any type of relationship;

e statistical analysis of the data (analysis of
data uncertainty);

e understanding the system behaviour:
Physical/chemical/biological interpretation of
the data (including hydraulics of the system.

3.4.2. Comparison to external references
(similar studies, reference water bodies)

e Other similar studies in aquatic environments;
e use of reference water bodies.

3.4.3.Changes in pre-impoundment
assessments

The results from the analyses performed according to
Section 3.4.1 and 3.4.2 may indicate that a new
estimate of the pre-impoundment conditions will have
to be made. This section will specify the criteria for
improving the pre-impoundment assessments.

3.4.4. Changes in post-impoundment
measuring design

The results from the analyses performed according to
Sections 3.4.1 and 3.4.2 may indicate the need to
change the spatial and temporal resolution of the field
measurements. Another alternative is that the
observed interrelationship  between  different
measuring points and properties can allow a reduction
in the number of measuring points, without significant
loss of accuracy. This section will specify the criteria
for redesigning the field campaigns.

3.5. Calculation of Net Emissions

Net GHG emissions are understood as the change in
GHG emissions caused by the creation of a
reservoir. Consequently, to quantify the net GHG
emissions from a reservoir, it is necessary to
consider emissions from the whole river basin
before, during and after the construction of the
reservoir. The study period of emissions should be
calculated for 100 years (/IPCC, 2006).

3.5.1.Boundaries - direct and indirect
impacts on emissions

Emissions resulting from modification of the
hydrology upstream of the reservoir and
downstream of the dam have to be included. It is
necessary to define the limits for the analysis,
including the contributing area upstream of the
reservoir (and the input from this area upstream of
the reservoir) and the affected area downstream of
the reservoir.

® Direct impact on emissions:

e outflow (“leakage”) from upstream reservoir =
inflow to downstream reservoir;

e avoid double counting of emissions.

® Indirect impacts on emissions: Water quality,
carbon load and dissolved GHG changes from
upstream of the reservoir can cause ecosystem
changes downstream of the reservaoir.

3.5.2. Comparing pre-and post-impoundment

The change in GHG emissions caused by the creation
of a reservoir will be estimated by comparing the pre-
and post-impoundment conditions.

3.5.3.Upscale to 100 years

In accordance with IPCC (2006), the lifecycle
assessment period for net GHG emissions is 100
years. For the purposes of this document, net
lifecycle GHG emissions is taken as a proxy for the
carbon footprint of the reservoir.

3.5.4.Changes in carbon stocks

To obtain a proper assessment of the carbon
budget it is critical to evaluate the carbon stock
present in the area affected by the reservoir. It is
important to assess carbon mineralisation in
sediments, especially under anoxic conditions, in
order to properly assess the amount of storage and
carbon sequestration caused by the reservoir.

The changes in carbon stock can be an important
part of the net GHG assessment if there is long term
burial of carbon in reservoir sediments. Therefore
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estimates of the total carbon stock including
components in the water and sediments should be
made. GHG production after impoundment is
proportional to the amount of decomposable
biomass stock. Thus, the evaluation of the carbon
stock present in the area to be flooded by the
reservoir is a critical measurement, along with
carbon loading from the catchment. The calculation
should take into consideration:

e Biomass and Soil Organic Carbon (SOC): Two
types of biomass can be distinguished and both
should be determined: the aboveground
biomass (including living and dead biomass)
and the belowground biomass (roots). The SOC
includes both living organisms and detritus and
should also be quantified. The maps of
terrestrial habitats should be used to quantify
the biomass and SOC. Additional analyses on N,
P and Fe could increase the level of information
on such issues.

e Assessment of carbon transport in streams:
Particulate Organic Carbon (POC), Dissolved
Organic Carbon (DOC) and Dissolved Inorganic
Carbon (DIC) should be considered at
representative stages of the hydrographs of the
streams. When coupled with discharge
calculations, these measurements allow carbon
transport to be calculated.

e Consider carbon stock change over 100 years.

3.6. Evaluation of uncertainties

Reservoirs vary enormously in size and shape.
Quantifying processes at the entire scale of these
ecosystems can be a significant challenge
particularly if these processes are known to vary
considerably in both space and time. GHG
emissions from both natural and man-made
ecosystems are the result of the net balance
between the production and assimilation/
consumption of the reactive gases through a variety
of mostly biological and photo-chemical processes.
These characteristics imply important uncertainties
in the estimation of the change in GHG emissions
caused by the creation of a reservaoir.

Different forms of uncertainties can be identified:

e natural, intrinsic or fundamental uncertainty —
the uncertainty associated with the data,
referring to natural variability;

e technical or instrumental uncertainty — the
uncertainty associated with methods or
techniques and that can be quantified through
repeated analyses of samples and through cross-
calibration of methodological procedures;

e model uncertainty and error propagation — the
uncertainty associated with modelling and
upscaling procedures, including parameter
value estimation.

3.6.1. Quantifying variability

Quantifying variability is a key element in evaluating
uncertainty. It can be done by parametric or non-
parametric  statistical methods to calculate
variability (e.g. standard deviation, inter-quartile
range). In the choice of statistical tools it is
important to look at the data distribution and to
choose the most appropriate statistical methods
given the data. For example non-normally
distributed data requires non-parametric statistics.
The document will specify different methods.

3.6.2. Transparency

Clear and transparent (traceable) descriptions of
variability/uncertainty calculations and motives
behind various choices (e.g. statistical methods)
will  be introduced to allow independent
evaluation of uncertainties.

3.6.3. Natural, intrinsic or fundamental
uncertainty

Natural, intrinsic or fundamental uncertainty is
estimated by taking a hopefully representative
sample consisting of replicate samples. Uncertainty
is reduced by having more replicate samples. It is
important to consider at what scale (temporal or
spatial) and for what process the
variability/uncertainty should be quantified. For
example: ebullition is more variable than diffusive
flux and therefore more replicate measurements of
ebullition may be required. Collecting system
information can help evaluating/understanding
some of the variability (e.g. outliers).

3.6.4. Technical or instrumental uncertainty -
Sampling and error analysis

The uncertainty related to methods can be
estimated by repeated analysis of the same sample,
by intercalibration, or by comparison of different
methods/techniques/protocols.

It is important to clarify specific conditions/details
in the measurement protocol to minimize this
uncertainty. It would be preferable to adopt a
uniform protocol where procedures and sample
treatments are specified and followed at all times,
attempting to reduce the technical uncertainty.
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3.6.5. Model uncertainty and error
propagation

In modelling and extrapolations numbers with
different uncertainties are combined to produce
new numbers. It is therefore important to
calculate combined variability estimates when
making such calculations or extrapolations. For
example, the upscaling from flux per m” to flux
for the whole reservoir requires consideration of
both flux uncertainty and the uncertainty in the
reservoir area estimate. Extrapolation exercises
should be made early in the data collection

process to identify possible problems with large
uncertainty and adapt measurement procedures
to reduce this uncertainty. For example, more
replicates may be needed to account for error
propagation during extrapolation.

A part of the method is also how the models are
defined and what processes are included. To account
for uncertainty caused by such choices, various model
approaches can be compared. Model uncertainty can
be evaluated by simple regression coefficients,
validation procedures (e.g. difference between
predicted versus observed), and sensitivity analyses.
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Note: This glossary defines some specific terms as
the document authors intend them to be
interpreted in the context of this Guidance

Glossary

Acidity
The state of having a pH value below 7.

Aerobic
Describes conditions or processes in water or
sediments in which oxygen is present, such as
the CH, oxidation to CO,.

Algae
Simple rootless photosynthetic plants that grow
in sunlit waters in relative proportion to the
amounts of nutrients available. They can affect
water quality adversely by lowering the dissolved
oxygen in the water.

Alkalinity
The state of having a pH value above 7.

Altimetry

The measurement of altitude of an object or a
landscape above a fixed level.

Anaerobic

Describes conditions or processes in water and
sediments in which oxygen is absent and which
often are a source of CH,.

Annual budget (of GHG emissions)

Balance of GHG emissions of a reservoir
throughout the year. In most settings, GHG
emissions vary considerably throughout the year;
, it is therefore recommended that the annual
budget of a given water body is based on at least
one year, but better several years, of data.

Anoxic

Describes conditions in water and sediments in
which oxygen is absent and which are a source of
CO, and CH,. In deep water, sediments can become
anoxic due to decomposition of OM as well as due to
lack of contact with oxic water currents.

Anthropogenic

Resulting from or produced by human beings.

Aquatic ecosystem (see Ecosystem)
Autotrophic CO, respiration (see Respiration)
Basin

The entire geographical area drained by a river
and its tributaries in which all surface runoff
flows, through a network of streams and rivers
to the same outlet.

Bathymetry

The measurement of depths and seabed
contours of water bodies.

Benthic chamber (see Chamber)
Benthic flux

Discharge of gaseous substances from an
ecological region at the lowest level of a water
body, including the sediment surface and some
subsurface layers.

Biochemical oxygen demand (BOD)

The amount of dissolved oxygen consumed by
micro-organisms (bacteria) in the biochemical
oxidation of inorganic and organic matter in water.

Biomass

The total mass of living organisms in a given
area, volume or ecosystem at a given time;
recently dead plant material is included as dead
biomass. The quantity of biomass can be
expressed as a dry weight or as the energy or
carbon content.

Biome

A biome is a major and distinct regional element
of the biosphere, typically consisting of several
ecosystems (e.g. forests, rivers, ponds, swamps
within a region). Biomes are characterised by
typical communities of plants and animals.

Boreal climate (see also Climate)

Northern continental c/limate with long, very cold
winters (up to six months with mean
temperatures below freezing), and short, cool
summers (50 to 100 frost-free days).
Precipitation increases during summer months,
although annual precipitation is still small.

Boundary Layer

The layer of fluid or air in the immediate vicinity of
the air-water interface of a water body. It is often
referred to as the turbulent or thin boundary layer
since GHG fluxes in this layer can be calculated but
will be subject to the variable nature of correlating
factors, such as wind, waves, stratification,
convection, wave breakings, and upwellings.

Box core

Instrumentation used to collect sediment profiles
from the bottom of a reservoir.
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Bubbling (syn. Ebullition)

Discharge in form of bubbles of gaseous
substances from a water body, which results
from carbonation, evaporation or fermentation.

Catchment (see Basin)
Carbon budget

The balance of the exchanges (incomes and
output) of carbon in a closed system (such as a
reservoir), taking into account atmospheric
exchanges, as well as inflow and discharge. To
estimate the impact of a reservoir on the
greenhouse effect it is crucial to compare the
values to pre-impoundment conditions and to
consider the net difference.

Carbon cycle

The process of carbon flow through the
atmosphere, ocean, terrestrial biosphere (incl.
freshwater systems) and sediments as well as its
transformation processes (chemical alteration,
photosynthesis, respiration, decomposition, air-
sea exchange, etc.).

Carbon dioxide (CO,)

A naturally occurring GHG fixed by
photosynthesis into OM and released during
respiration. 1t is a by-product of fossil fuel
combustion, biomass burning, land use changes
and other industrial processes.

Carbon dioxide equivalent emission

The amount of CO, emission that would have the
same global warming potential (GWP), over a
given time horizon, as an emitted amount of a
GHG or a mixture of GHGs. The CO,-equivalent
emission is obtained by multiplying the emissions
of a GHG by its GWP for the given time horizon.
For a mix of GHGs it is obtained by summing the
CO,-equivalent emission of each gas.

Carbon footprint

A form of carbon calculation that considers the net
emissions of CO, and CH, throughout the lifecycle of
a reservoir equivalent to the carbon emission
footprint that this reservoir is responsible for.

Carbon mass flow

Carbon in a water body can be in particulate or
dissolved form and can be organic or inorganic.
The forms to be measured are: Total Organic
Carbon (TOC), Dissolved Organic Carbon (DOC),
Dissolved Inorganic Carbon (DIC), and Particulate
Organic Carbon (POC). Carbon inputs and
outputs to be considered are: carbon brought in
by macrophytes, carbon exchanges with
groundwater, carbon lost permanently to
sediment, carbon exchanged with atmosphere in

form of CO, and CH, and humic substance
income and output.

Carbon sequestration (see Uptake)
Carbon sink

A process that removes CO, or CH, from another
part of the carbon cycle. Shallow waters, with
high oxygen concentration can be CH, sinks, as
the methanotrophic bacteria in these waters can
oxidise CH, to CO,.

Carbon stock

The quantity of carbon in a water body and its
sediments.

Carbon storage (see Uptake)
Cavity Ringdown Spectrometer

Technique for performing flux measurements
using pulsed lasers and highly reflective mirrors.

CH, (see Methane)
Chamber

Instrumentation for measuring terrestrial and
aquatic GHG flux. Chambers can be static or
dynamic, dark or transparent. Fluxes are
obtained by measuring the increase of GHG
concentration within the chamber over a time
period or from samples taken at regular intervals
and analysed by gas chromatography. Benthic
chambers are used to measure benthic fluxes
from sediments at the bottom of a water body.
Floating chambers are used to measure diffusive
fluxes at the air-water interface. Chambers are
also used to measure fluxes through
macrophytes at the air-water interface and GHG
fluxes from vegetation and soil.

Chemical Oxygen Demand (COD)

The amount of dissolved oxygen consumed by
the chemical decomposition of organic or
inorganic matter.

Climate

Climate in a narrow sense is usually defined as
the average weather, or more rigorously, as the
statistical description in terms of the mean and
variability of relevant quantities over a period of
time ranging from months to thousands or
millions of years. The relevant variables are most
often temperature, precipitation, and wind. As
defined by the World Meteorological
Organization, the period for averaging these
variables is 30 years.

CO, (see Carbon dioxide)
Conductivity

Measures the ability of a material to transmit
electricity, heat, water or sound. The
measurement unit is (ms/cm).
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Convection (thermal)

Vertical transport of heat by mass transfer
through a fluid, caused by thermal instability
(buoyancy).

Convective mixing (irregular)

Vertical mass transfer through a water body due
to the occurrence of thermal convection.

Covariance (see Eddy covariance)
Current meter

An instrument used to measure the speed and
direction of a current in a river or water body.

Decomposition (of Organic matter)

Chemical processes by which OM in a water body
is transformed into gaseous end products. Major
processes are  oxidative  decomposition,
methanogenesis and denitrification and their end
products: CO,, CH, and N,0.

Degassing

GHG flux induced by dramatic pressure
change immediately after water discharge
from reservoir outlets.

Denitrification (see Nitrification)
Detritus

The remains of substances that have been
destroyed or broken up.

Diffusive flux

Discharge of GHG from the air-water interface of
a water body.

Dissolved inorganic carbon (DIC) (see Carbon
mass flow)

Dissolved organic carbon (DOC) (see Carbon
mass flow)

Dissolved Oxygen (DO)

The oxygen in a water body in its dissolved
form. Dissolved oxygen influences OM
decomposition processes and serves fish and
other aquatic organisms for respiration. The
measurement unit is mg/L.

Diurnal
Throughout the day
Downstream

Refers to the water body and areas of the basin
in which the water flows after it has passed the
reservoir and its outlet.

Drainage Area

The geographical area drained by a river and its
tributaries.

Ebullition (see Bubbling)

Ecosystem (terrestrial and aquatic)

The interactive system formed from all living
organisms and their abiotic (physical and
chemical) environment within a given area. The
boundaries of what could be called an ecosystem
are somewhat arbitrary, depending on the focus
of interest or study. In the context of this
Guidance a difference is made between aquatic
and terrestrial ecosystems.

Eddy covariance

An atmospheric flux measurement technique to
measure vertical fluxes through the turbulent
atmospheric boundary layer. Tower-mounted
instruments make high frequency measurements
of the vertical wind and gas concentration to
yield the net flux of the gas between the
atmosphere and an area upwind of the tower.

Emissions (see GHG emissions)

Epilimnion
The dense top-most layer of water in a thermally
stratified water body.

Euphotic

Refers to the top layer of a water body that
receives sufficient sunlight for photosynthesis.

Eutrophic

Refers to the water with a high nutrient content
(either naturally or caused by pollution) resulting
in high primary productivity of biomass.

Floating Chamber (see Chamber)
Flooded Area

The land area that was flooded during the
impoundment of the reservoir. The size of this
area can vary throughout the year and GHG
emissions in the drawdown zone may occur due
to regrowth of vegetation when water levels are
low. It is therefore recommended that the
minimum and the maximum flooded areas are
measured (in km?).

Flux through macrophytes

Discharge of GHG at the air-water interface
through plant stems and vegetation in water.

Gas chromatograph

A chemical analysis instrument for separation of
chemicals in gaseous samples.

Geographic Information System (GIS)

System, tool or software that allows storage and
analysis of spatial information and editing of
data and maps.
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GHG (see Greenhouse Gas)
Global Warming Potential (GWP)

An index, based on the radiative properties of
GHGs, measuring the radiative forcing of a unit
mass of a given GHG in today’s atmosphere
integrated over a chosen time horizon, relative
to that of CO,. The GWP represents the
combined effect of the differing lengths of time
that these gases remain in the atmosphere and
their relative effectiveness in absorbing outgoing
infrared radiation. The IPCC considers the GWP
of GHG within a 100-year time frame.

Greenhouse gas (GHG)

GHGs are those gaseous constituents of the
atmosphere, both natural and anthropogenic,
that absorb and emit radiation at specific
wavelengths within the spectrum of thermal
infrared radiation emitted by the Earth’s surface,
the atmosphere itself, and by clouds. In the
context of this Guidance, the evaluation of net
emissions from water bodies includes the three
GHG species CO,, CH,4, and N,0.

Greenhouse gas emissions

In the context of this Guidance, GHG emissions
include the GHG species CO,, CH, and N,O. To
correctly estimate the GHG footprint of a
reservoir, it can be misleading to consider only
the total GHGs measured at the surface of a
reservoir. Net emissions must consider emissions
from the ecosystem before and after creation of
a reservoir.

Gross emissions

GHG emissions measured at the air-water
surface of the reservoir. They alone are not
representative of the GHG footprint of a
reservoir since net emissions need to be
considered.

Heterotrophic CO, respiration (see Respiration)
Herbaceous

Grass-like, normally annual, non-woody plants.
Hydrological Cycle (syn. Water cycle)

The succession of stages through which water
passes from the atmosphere to the earth and
returns to the atmosphere: evaporation,
evapotranspiration, condensation, precipitation,
interception, infiltration, percolation, runoff and
storage in groundwater and water bodies.

Hydrology

Science that deals with the water in the earth:
occurrence, circulation, distribution,
quantification, and anthropic interactions.

Hydrostatic pressure

The pressure at a point in a fluid at rest due to
the weight of fluid above it.

Hypolimnion

The dense bottom layer of water in a thermally
stratified water body.

Incubator

Container designed to maintain a constant
temperature by the use of a thermostat.

Infrared Gas Analyser (IRGA)

An instrument used to measure trace gas
concentration by determining the absorption of
an emitted infrared light source through a
certain air sample.

International System of Units (SI)

Measurement system derived from the metric
system; based on the fundamental units: metre
(m) for length, kilogram (kg) for mass, second (s)
for time, ampere (A) for electric current, Kelvin
(K) for thermodynamic temperature, mole (mol)
for amounts of substance (from the French,
Systéme Internationale).

In vitro
Experiment done in a glass test tube.
Lagrangian GPS drifter

Floating device moving with the current, used to
investigate current speed, direction and dynamic
in a water body.

Land use

Land use refers to the total set of social and
economic activities undertaken in a certain area
(e.g., grazing, timber  extraction and
conservation). The type of land use determines
the evapotranspiration as well as its function as a
GHG source or sink. When estimating pre-
impoundment GHG emissions, the chosen
reference site should have similar land uses and
climate to the flooded area.

Lifecycle assessment

The estimation of the net GHG emissions of a
reservoir needs to assess changes in emissions
throughout the lifecycle of a reservoir. For new
reservoirs, high gross emissions may be observed
due to decay of impounded biomass and
emissions resulting from the construction phase.
These values may change as the reservoir ages.

Lifetime

A general term used for various time scales
characterising the rate of processes affecting the
concentration of trace gases. For new reservoirs,
high gross emissions may be observed and longer
measurement periods (up to 10 years) may be
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necessary to account for the emission changes
over the lifetime of the reservoir.

Macrophyte
Rooted plant that grows in or near water.
Methane (CH,)

A naturally occurring GHG, a main component of
natural gas, and an end-product of animal
husbandry and agriculture.

Methanotrophic bacteria
Bacteria which feed on CH, and oxidise it to CO,.
Methane (CH,) oxidation

Process, by which CH, is oxidised to CO, and
which occurs in aerobic soils.

Methanogenesis

Production of CH, by anaerobic bacteria and
microbes present in the anoxic layers of a water
body, which feed on the detritus of OM and
respire CH,.

Net emissions

Change in GHG emissions caused by the creation
of a reservoir. Estimates of net emissions must
consider the gross emissions minus the emissions
from the different ecosystems (both terrestrial
and aquatic) before impoundment.
Nitrification

An aerobic process in which bacteria change the
ammonia and organic nitrogen in water and
decomposed matter into oxidised nitrogen
(nitrate) thus increasing the likelihood of N,O
emissions. Denitrification ~ describes  the
conversion of nitrate into nitrite, then to N,O
and finally to nitrogen gas. This process happens
in the slightly anoxic upper layer of sediment.

Nitrous oxide (N,O)

A naturally occurring GHG which is produced
through bacterial nitrification and denitrification
processes.

N,O (see Nitrous oxide)
Organic matter (OM)

Carbon containing residues of plants and soils.
OM enters reservoirs via groundwater, inflow,
erosion of the littoral zones and decay of plant
material in the impounded area. Decomposition
of OM in water results in release of its carbon as
CO, and CH, fluxes, in the years following
impoundment increased CH, fluxes are
sometimes recorded, since decay of OM in water
happens in anoxic conditions as opposed to
natural decomposition of OM into CO, in oxic
conditions.

Oxic
Describes conditions in water and its sediments

in which oxygen is present and which are often a
source of CH, oxidation.

Oxygen sensor

An electronic instrument to measure the oxygen
content of a gas or liquid.

Partial pressure gradient

The difference in pressure exerted by a particular
component of a mixture of gases. The partial
pressure gradient of a trace gas across the water-
air interface will determine in which direction
and at what rate the gas exchange occurs.

Particulate organic carbon (POC) (see Carbon
mass flow)

Periphyton

Microscopic plants and animals that are firmly
attached to solid surfaces under water such as
rocks, logs, pilings and other structures.

Peristaltic pump

An instrument used for pumping fluids. The fluid
is contained within a flexible tube fitted inside a
circular pump casing. A rotor with a number of
rollers attached to the exterior compresses the
flexible tube. As the rotor turns, the part of the
tube under compression closes thus forcing the
fluid to move through the tube.
pH

pH is a measure of the acidity of water given by
its concentration of hydrogen ions (H'). pH is
measured on a logarithmic scale where pH = -
logio(H'). Thus, a pH decrease of 1 unit
corresponds to a 10-fold increase in the
concentration of H, or acidity. Values below
seven indicate acidity; values above seven
indicate alkalinity.

Photo-oxidation

Oxidation of dissolved organic carbon in water to
CO; under the influence of sunlight.

Photosynthesis

Process driven by solar energy by which
atmospheric CO, is fixed by plants and algae for
the primary production of OM and oxygen as a
by-product.

Phytoplankton

Form of aquatic plant, which grows through
photosynthesis.

Pressure Transducer
An electric or electromagnetic instrument which

uses pressure to convert one type of energy or
physical attribute to another for the purpose of
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facilitating measurements or of making
measurements comparable.

Primary production (of organic matter)

Production of OM (growing of macrophytes and
phytoplankton) from atmospheric or aquatic
CO,, principally through the process of
photosynthesis.

Reference site

Region or site with land use and climate similar
to those of the reservoir area before
impoundment, which serves to estimate pre-
impoundment GHG emissions of a reservoir area.

Reservoir volume

Refers to the total water availability in the
reservoir. Volume can vary throughout the year
and measurements of minimum and maximum
values (in m3x106) should be made.

Residence time

Average time a water molecule spends in a
reservoir. Used to describe the flow rate of the
water through the reservoir. Value can vary
inside one reservoir.

Respiration
Heterotrophic respiration is the process whereby
micro-organisms grow by converting OM to
sugars;. autotrophic (or maintenance) respiration
is the process through which plants and animals
burn sugars to give energy. Both reactions
produce CO,.

Rhizosphere
The soil region in the immediate vicinity of
growing plant root.

Riparian
A riparian zone or riparian area is the interface
between land and a water body.

Sequestration (See Uptake)

Shoreline length

Refers to the edge of a water body and should be
measured in km. Values can vary with seasonal
water variability and measurements of minimum
and maximum shoreline length are
recommended.

Sl (see International System of Units)

Sink (see Carbon sink)

Stage gauge
Instrument which measures and monitors the
depth of a water body.

Stratification

A water body can be stratified in layers of
temperature, salinity or chemical compositions,
which can act as barriers to water mixing.

Stoichiometric calculations

Calculation of quantitative relationships of the
reactants and products in a chemical reaction.

Terrestrial ecosystem (see Ecosystem)
Thermistor

A thermometer based on a temperature-
sensitive electrical resistor.

Thin Boundary Layer

Widely used predictive model of the gas transfer
fluxes in the aquatic and atmospheric turbulent
boundary layers at the air-water interface of
water bodies. Flux measurements are obtained
with floating chambers. The local parameters to
consider for calculations are GHG concentration
in air and water, wind speed, and water
temperature.

Total organic carbon (TOC) (see Carbon mass
flow)

Turbidity

The amount of solid particles that are suspended
in water and that cause cloudiness, reducing the
transparency of the water. Turbidity is measured
in nephelometric turbidity units (NTU).

Tygon tube
Brand name for a variety of flexible tubing.
Upstream

Refers to the water body and areas of the basin
through which the water passes before it
reaches the reservoir and its outlet.

Uptake

Build-up of GHG concentration in vegetation,
water or sediments. Determines the ability of
a water body to act as a carbon sink. Uptake
in sediments may be important if, without
storage, these sediments would have been
transported downstream, since they can
provide anoxic conditions leading to CH,
production in the reservoir.

Viton

Brand of synthetic rubber commonly used for
rings or septums in chemical analysis
instruments.

Water cycle (see Hydrological cycle)
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Background on the
UNESCO/IHA GHG Project

Despite recent efforts to advance knowledge on
the assessment of the GHG status of reservoirs,
many uncertainties remain, such as the lack of
standard measurement techniques; limited
reliable information from different sources; and
the lack of standard tools for assessing net GHG
gas exchange from existing and planned reservoirs.
Consequently, more research is needed to develop
accurate estimates of the net GHG impact of
freshwater reservoirs.

The existing controversy over GHG emissions
from freshwater reservoirs has resulted in large
hydropower projects with reservoirs currently
being subject to a conservative CDM
methodology. The UNFCCC board has noted that
due to the current scientific uncertainties, simple
criteria based on thresholds in terms of power
density (less than 4 W/m2; 4 to 10 W/m2; or
more than 10 W/m2), are to be used to
determine the eligibility of hydropower plants to
access the CDM. The criteria and thresholds have
no scientific basis and effectively exclude
hydropower schemes with significant water
storage. The decision was taken as a
precautionary  measure, pending  further
clarification of reports in the scientific literature
on GHG emissions associated with freshwater
reservoirs. There is thus a clear need for a tool or
transparent methodology to estimate emissions
from reservoirs. Adoption of this
tool/methodology will permit fair evaluation of
all hydropower projects and enable large
reservoir projects with low net GHG emissions to
qualify for the CDM.

The UNESCO/IHA Greenhouse Gas Status of
Freshwater Reservoirs Research Project (the
UNESCO/IHA GHG Project), hosted by the
International Hydropower Association (IHA), in
collaboration with the International Hydrological
Programme (IHP) of UNESCO, aims to improve
understanding on the impact of reservoirs on
natural GHG emissions, obtaining a better
comprehension on the processes involved and
helping to overcome knowledge gaps.

The UNESCO/IHA GHG Project started in August
2008. The objectives and outlines of the project
were set by two scientific workshops on the
Greenhouse Gas Status of Freshwater Reservoirs
hosted by UNESCO (in 2006, in Paris, France and in
2007, in Foz do lguagu, Brazil), as part of UNESCO

IHP-VI (2002-2007), these were followed by a
meeting in Paris in January 2008 that finalised the
project scoping paper.

The main objectives of the project are to:

e develop, through a consensus-based, scientific
approach, detailed measurement guidance for
net GHG assessment; promote scientifically
rigorous field measurement campaigns, and
the evaluation of net emissions from a
representative set of freshwater reservoirs
throughout the world;

e build a standardised, credible set of data from
these representative reservoirs;

e develop predictive modelling tools to assess
the GHG status of unmonitored reservoirs and
potential sites for new reservoirs;

e and develop tools for mitigation of GHG emissions
for sites vulnerable to high net emissions.

The project has benefited from a consensus-based,
scientific approach, with an intensive international
initiative, involving the collaboration of numerous
research institutions and scientists. All deliverables
are reviewed by the UNESCO/IHA GHG Research
Project Peer Review Group (the UNESCO/IHA
Forum, composed of more than 160 researchers,
scientists and professionals working in this field,
from more than 100 institutions, including
universities, research institutes, hydropower
companies, sponsoring agencies, and others).

Since the project was initiated in August 2008,
three workshops have been convened, under the
scope of IHP-VII (2008-2013): a Workshop on
Measurement Guidance in London in November
2008; the Site Selection and Database Workshop in
Sdo Paulo, Brazil, in May 2009: and the Field
Measurements and Data Analysis Workshop in
Montreal, Canada, in September 2009. During the
IHA World Congress, in Reykjavik (June 2009), a
Strategic Meeting on the UNESCO/IHA GHG
Research Project and a Seminar on Hydropower
and GHG Emissions also took place.

Overall, the collaboration between UNESCO and
IHA, has resulted in the following initiatives:

e  2006-First International UNESCO/IHA
Workshop (Paris, December 2006);

e 2007-Second International UNESCO/IHA
Workshop (Iguagu, November 2007);

e 2008-Meeting in Paris for finalisation of a
Scoping Paper (January 2008);

e 2008-Scoping Paper completed by UNESCO
Working Group (April 2008) ;

® 2008-UNESCO/IHA Project for an initial two-
year programme (April 2008);
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® 2008 — UNESCO/IHA Measurement Specification
Workshop (London, November 2008);

e 2009-UNESCO/IHA  Site  Selection and
Database Workshop (Sdo Paulo, May 2009);

e 2009-IHA World Congress: Strategic Meeting;
Sponsors Meeting; Seminar on Hydropower
and GHG Emissions (Reykjavik, June 2009);

e 2009-UNESCO/IHA Field Measurement and
Data Analysis Workshop (Montreal,
September/2009).

The  following  deliverables have already
been produced:

Scoping Paper - Assessment of the GHG Status of
Freshwater Reservoirs: As a result of two
workshops on the Greenhouse Gas Status of
Freshwater Reservoirs, the Scoping Paper was
prepared as a basis for further dialogue and
research on quantifying net GHG exchanges caused
by the creation of a reservoir in a river basin. This
paper has been a key reference document for the
UNESCO/IHA Project on the GHG Status of
Freshwater Reservoirs. Edition 1 —April 2008.

The UNESCO/IHA Measurement Specification
Guidance for Evaluating the GHG Status of Man-
Made Freshwater Reservoirs: Guidelines for GHG
measurements aiming at international standard
and objective measurements that will ease
comparison, transferability and global use of data,
for the purpose of evaluating the GHG impact from
the creation of freshwater reservoirs. Edition 1 —
June 2009.

The UNESCO/IHA Field Manual for Measuring
GHG Emissions to Evaluate the GHG Status of
Man-Made Freshwater Reservoirs: Objective and
clear instructions of field methods and equipments
necessary to estimate GHG emissions, under pre-
and post-impoundment conditions, allowing
qualified technicians and scientists to perform field
GHG emission measurements. First Complete
Version for submission to the UNESCO/IHA Forum
—January 2010.

The UNESCO/IHA Calculation Manual for
Evaluating the GHG Status of Man-Made
Freshwater Reservoirs: Standard procedures on
how to calculate net GHG emissions resulting from
the creation of a reservoir in a river basin, to be
used with measured and calculated GHG emission
rates from field measurements, obtained as
indicated at the Field Manual. Framework and
Annotated List of Contents — December 2009.

The UNESCO/IHA Risk Assessment Tool for
Reservoir Vulnerability to Gross GHG Emissions: A
simple tool for reservoir selection. It uses
information from key parameters to assess the

vulnerability of a reservoir to GHG emissions, and
it is intended for project developers, reservoir
owners or government regulators, to make a quick
assessment of a potential site and to analyse, in
the absence of empirical data, the vulnerability of
a reservoir to gross GHG emissions. Prototype
Version — December 2009.

A first version of the Measurement Specification
Guidance (Measurement Specification Guidance -
Edition 1 — April 2009) has been produced,
establishing guidelines for GHG measurements
aiming at an international approach and objective
measurements that will ease comparison,
transferability and global use of data. This
Specification is intended to be a living and dynamic
document, to be updated at least once a year. For
the next version, the need for practical
instruments suitable for field use and able make
direct measurements of emission was identified,
and two new documents are being developed:

e a Field Manual, with objective and clear
instructions on field methods and the
equipment necessary to estimate GHG
emissions, under pre- and post-impoundment
conditions, allowing qualified technicians and
scientists to perform GHG emission
measurements in the field;

e and a Calculation Manual, with standard
procedures on how to calculate net GHG
emissions resulting from the creation of a
reservoir in a river basin, to be used with
measured and calculated GHG emission rates
from field measurements, obtained as
indicated in the Field Manual.

All these volumes (plus supporting Appendices)
will comprise one set of documents, which will be
known as the Measurement Guidance. All
volumes will be interrelated, but each one of them
will be a stand-alone document:

® Measurement Guidance - Volume 1:
Executive Summary;

® Measurement Guidance — Volume 2:  Main
Concepts and Description of Processes;

e Measurement Guidance — Volume 3:  Field
Manual (Field Protocols and estimation of
fluxes per unit area);

®  Measurement Guidance — Volume 4: Calculation
Manual (Elements for net emission calculation);

® Measurement Guidance - Volume 5:
Appendices (Scoping Paper, Background and
Approach, Glossary).

Page | 165



For more information:

Dr. Joel Goldenfum, GHG Project Manager
International Hydropower Association

IHA Central Office

Nine Sutton Court Road, Sutton

London SM1 4SZ. United Kingdom

Tel: +44 (0) 208 652 5295

Fax: +44 (0) 208 643 5600

Mob: +44 (0) 7525 804 935

Email: jag@hydropower.org

Web: www.hydropower.org/climate_initiatives.html
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