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original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope 3.2.1 census—survey of all elements of the target popula-

1.1 This guide covers criteria for determining when prob-tion _ _ )
ability sampling methods should be used to select locations for 3-2-2 cluster sample-a sample in which the sampling
placement of environmental monitoring equipment in a builg-frame is partitioned into disjoint subsets called clusters and a
ing or to select a sample of building occupants for questionS@mple of the clusters is selected. o
naire administration for a study of indoor air quality. Some of 3:2.2.1 Discussior-Data may be collected for all units in
the basic probability sampling methods that are applicable fopach sample cluster or, when a multistage sample is being
these types of studies are introduced. selected, the units within the sampled clusters may be further

1.2 Probability sampling refers to statistical sampling meth-Subsampled. . N
ods that select units for observation with known probabilities 3-2-3 compositing samplesphysically combining the ma-
(including probabilities equal to one for a census) so thaterial collected in two or more environmental samples.
statistically defensible inferences are supported from the 3.2.4 expected value-the average value of a sample statis-
sample to the entire population of units that had a positivdic over all possible samples that could be selected using a
probability of being selected into the sample. specified sample selection procedure. _

1.3 This guide describes those situations in which probabil- 3.2-5 multistage sample-a sample selected in stages such
ity sampling methods are needed for a scientific study of théhat larger units are selected at the first stage, and smaller units
indoor air quality in a building. For those situations for which @re selected at each subsequent stage from within the units
probability sampling methods are recommended, guidance &€lected at the previous stage of sampling. o
provided on how to implement probability sampling methods, 3-2-5-1 Discussior—For assessing the indoor air quality in a
including obstacles that may arise. Examples of their applicaPopulation of office buildings, individual buildings might be
tion are provided for selected situations. Because some indog€lected at the first stage of sampling, floors selected within
air quality investigations may require application of complex,Sample buildings at the second stage, and monitoring locations
multistage, survey sampling procedures and because this stafer example, rooms or grid points) selected on sampled floors
dard is a guide rather than a practice, the references it the third stage. o
Appendix X1 are recommended for guidance on appropriate 3:2:6 population parameter-a characteristic based on or

probability sampling methods, rather than including exposi-calculated from all units in the target population. _
tions of such methods in this guide. 3.2.6.1 Discussior—The purpose of selecting a sample is

usually to estimate population parameters. Population param-

2. Referenced Documents eters cannot actually be calculated unless data are available for
2.1 ASTM Standards: all units in the population.
D 1356 Terminology Relating to Sampling and Analysis of ~3.2.7 probability sample-a sample for which every unit on

Atmosphere’ the sampling frame has a known, positive probability of being
selected into the sample.

3. Terminology 3.2.7.1 Discussior—The terms probability samplingand
3.1 Definitions—For definitions of terms used in this guide, random samplingare sometimes used interchangeably.

refer to Terminology D 1356. 3.2.8 sampling frame-a list from which a sample is se-
3.2 Definitions of Terms Specific to This Standard: lected.

3.2.8.1 Discussior—An ideal sampling frame contains each
member of the target population exactly once and contains no
* This guide is under the jurisdiction of ASTM Committee D22 on Sampling and units that are not members of the target population. In practice,
Analysis of Atmospheres and is the direct responsibility of Subcommittee D22.0§he sampling frame may miss some members of the target
on Indoor Air. . . -
Current edition approved September 10, 1995. Published November 1995. _pODUIatlon (fOI‘. e).(a.mple’ new employees in a building) and
2 Annual Book of ASTM Standardgol 11.03. include some individuals who are not members of the target
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population (for example, individuals who no longer work in the example, building-seasons, office-weeks, or person-days). Spe-
building). However, no member of the population should becific issues that must be considered when constructing these
listed more than once on the sampling frame. types of sampling frames are discussed in Section 7.

3.2.9 simple random samplea sample ofn elements se- 4.4 In addition to constructing sampling frames, a random-
lected from the sampling frame in such a way that all possiblézation procedure is necessary so that units can be selected
samples oh elements have the same chance of being selecteftom the frame with known probabilities. Some basic consid-

3.2.10 statistic—a sample-based estimate of a populationerations for and methods of selecting probability samples for
parameter. studies of indoor air quality are presented in Section 8.

3.2.11 stratified sample-a sample in which the sampling 4.5 Finally, Section 9 discusses considerations for statistical
frame is partitioned into disjoint subsets called strata, anénalysis and reporting that are peculiar to data collected using
sample units are selected independently from each straturprobability sampling designs. Special statistical analysis meth-
possibly at different sampling rates. ods are necessary when the sampling design includes stratifi-

3.2.12 systematic samplea sample selected by choosing cation, clustering, multistage sampling, or unequal probabili-
one of the firsk elements on the sampling frame at random andies of selection.
then including everkth element thereafter. S

3.2.13 target populatior—the set of units or elements (for 5. Significance and Use
example, people or locations in space and time) about which a 5.1 Studies of indoor air problems are often iterative in

sample is designed to provide inferences. nature. A thorough engineering evaluation of a buildihet)®
3.2.13.1Discussior—The target population is sometimes is sometimes sufficient to identify likely causes of indoor air
referred to as the population or universe of interest. problems. When these investigations and subsequent remedial

3.2.14 unbiased estimatera statistic whose expected measures are not sufficient to solve a problem, more intensive
value is equal to the population parameter that it is intended tinvestigations may be necessary.
estimate. 5.2 This guide provides the basis for determining when
4. Summary of Guide probability s_amp_ling methods are_needed to achieve statisti-

' cally defensible inferences regarding the goals of a study of

4.1 When the objectives of an investigation of indoor airindoor air quality. The need for probability sampling methods
quality include extending inferences from a sample of units tqn a study of indoor air quality depends on the specific
the larger population from which those units were selectedgpjectives of the study. Such methods may be needed to select
probability sampling methods must be used to select thg sample of people to be asked questions, examined medically,
sample units to be observed and measured. Examples includg: monitored for personal exposures. They may also be needed

4.1.1 Estimating the distributions of health and Comfortto select a Samp|e of locations in space and time to be
symptoms experienced by the employees in a particular buildmonitored for environmental contaminants.
ing during a specific week. 5.3 This guide identifies several potential obstacles to

4.1.2 Estimating the distribution of hOUf'y average Concen'proper imp|ementation of probab|||ty Samp“ng methods in
trations of specific substances in the breathing zone air in gtydies of indoor air quality in buildings and presents proce-
particular building during the working hours of a specific dures that overcome those obstacles or at least minimize their
week. impact.

4.1.3 Estimating the relationship between measures of en- 5 4 Although this guide specifically addresses sampling
vironmental conditions in a building and the health or comfortpeople or locations across time within a building, it also
symptoms experienced by the occupants. provides important guidance for studying populations of build-

4.1.4 Thus, the study objectives are always a key consideings. The guidance in this document is fully applicable to
ation for determining if probability sampling methods are sampling locations to determine environmental quality or
necessary. Potential objectives for indoor air studies that woulgampling people to determine environmental effects within
require probability sampling methods are discussed explicitiyeach building in the sample selected from a larger population

in Section 6. of buildings.
4.2 Guidance is provided regarding the appropriate prob-

ability sampling methods to address these and other goals thét Study Objectives That Require Probability Sampling
require extending inferences from a sample to a specific Methods

population. Those sampling methods require construction of a g1 |nferences beyond the units actually observed in a
sampling frame from which population elements can besample are not rigorously defensible unless the units observed

selected. Examples include: o . are a probability sample selected from the population to which
4.2.1 Alist of all offices or work stations in a building, inferences will be extended. Thus, probability sampling meth-

4.2.2 A grid of potential monitoring locations that effec- ods are needed whenever inferences will be extended from the

tively covers the entire population of interest, and units observed in a sample to a larger population. The need for

4.2.3 Alist of all persons who work in a specific building. sych inferences depends directly on the objectives of the study.
4.3 Since environmental concentrations usually vary con-

tinuously in time, spatial frame units like those listed in 4.2
often must be crossed with temporal ur]lts, such as S€as0NS,s The boldface numbers in parentheses refer to the list of references at the end of
weeks, days, or hours, to form sampling frame units (forthis guide.
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The study objectives may include characterizing a building’s 6.3.1 Since air quality characteristics generally exhibit both
occupants using a survey, or characterizing a building’s aispatial and temporal variability, each air quality measurement
quality using environmental monitoring, or a combination of (for example, temperature, humidity, or concentrations of
both. specific substances) is generally representative of a specific
6.2 Occupant Survey location and time (or period of time). If the objective is to infer
6.2.1 A sample of building occupants may be asked tdnformation about the distribution of the measured character-
complete a questionnaire or to submit to a physical examinastics (for example, the mean or the range) for a target
tion. If the intention is to make inferences from the samplepopulation of times and places, then probability sampling of
regarding the health and comfort symptoms of all the employboth locations and times is required to justify that inference.
ees of the building, a census of all building occupants or a 6.3.2 Specific study objectives that require inferences to a
probability sample selected from them is required. The occupopulation of units defined in time and space include the
pants would typically be asked about their health and comfortollowing:
symptoms for a specific period of time (for example, the day 6.3.2.1 Estimate the distribution of hourly average concen-
that the survey is administered, the previous week, month, arations of specific substances in a building during a specified
year, and so forth). Developing a valid and reliable questiontime frame either before or after implementing remedial
naire is a complex process and is not directly addressed by thineasures, or as a measure of the magnitude of a potential

guide (5). indoor air problem.
6.2.2 Specific study objectives that require inferences to a 6.3.2.2 Estimate the distribution of hourly average concen-
population of building occupants include the following: trations of specific substances in a building with suspected

6.2.2.1 Estimate the distribution of health and comfortproblems and in another building studied for comparison
symptoms in a building either before beginning air quality purposes. In each case, the target population would be defined
measurements, after implementing remedial measures, or asaa a specific set of building locations crossed with a specific set
measure of the magnitude of a potential indoor air problem. of time points. Inferences to the population would require that
6.2.2.2 Estimate the distribution of health and comfortdata be collected for a probability sample of the population
symptoms in a building with reported problems and in anotheunits.
building studied for comparison purposes. 6.3.3 Temporal variations in air quality must always be
6.2.2.3 Estimate the relationship of health and comforiconsidered when designing a survey of a building’s air quality.
symptoms with worker characteristics, such as age, sex, worReriodic variations, such as diurnal, weekday/weekend, and
location, or type of work performed. seasonal effects can be important. Periodic effects may be
6.2.3 When inferences regarding the occupants of a buildingaused by periodic variation in activity patterns within the
are needed, a census of all the building occupants may Bauilding or environmental factors that affect source strength or
necessary. For example, a census of building occupants may kentilation rate. These temporal variations will affect such
needed to establish statistical differences in occupant comfogampling design characteristics as the definition of the popu-
or health symptoms between different work areas (for exampldation units and the definition of sample selection strata.
floors) within a building. In other cases (for example, estimat- 6.3.4 For example, if diurnal effects must be estimated, the
ing the relative frequency of complaints in a building with a temporal dimension of the population units to be measured
large number of workers), a probability sample may providecannot be greater than 12 h, and the sampling plan must
sufficient precision at less cost. include both daytime and nighttime measurements. If estimat-
6.2.4 If the characteristics measured in a questionnaire aigeg other temporal differences is important (for example,
temporally dependent (for example, comfort and health sympweekday/weekend, high/low wind, before/during/after second-
toms on the day of questionnaire administration), a sample d$hift), population units must be defined and sampled for each
people and time periods may be needed (for example, a samgiemporal period. The precision for estimates of differences
of person-days within a given week). Moreover, the surveybetween time periods can be increased by monitoring a single
may need to be replicated across time (that is, repeated gample of locations during multiple time periods. If concurrent
different seasons). surveys of building occupants and air quality characteristics are
6.2.5 A successful occupant survey requires that a largeequired to establish relationships, a separate sample of build-
portion of the sample subjects complete the survey. The Officég occupants may be needed for each time period.
of Management and Budget usually requires 75 % or more for 6.3.5 Likewise, the survey may need to be replicated across
federally funded surveys. Thus, the success of a survey mayme to characterize building conditions during multiple sea-
depend upon the burden it imposes, pre-survey publicity (fosons. Similarly, if certain air quality problems are perceived to
example, newsletters or union endorsements), and follow-up dfe worse on weekday mornings, surveys conducted on a
nonrespondents. The survey should be conducted in suchveeekday morning, a weekday evening, and a weekend day may
manner that people are sufficiently motivated to participate bube useful for estimating temporal differences.
not unduly alarmed about a potential air quality problem. 6.3.6 Whenever environmental monitoring is being con-
Finally, residual nonresponse is inevitable, and survey datducted indoors and the outdoor air is a potential source of the
analysis procedures that utilize weighting or imputation tosubstances being monitored, indoor and outdoor air should be
compensate for nonresponse are recommended. monitored concurrently. Constructing a sampling frame for
6.3 Environmental Monitoring selecting a probability sample of outdoor monitoring locations
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may not be feasible. Instead, each indoor monitoring location 7.2.1.4 Does the population include custodial staff?
may be matched to one of a small number of outdoor 7.2.1.5 Does the population include workers in all of the
monitoring sites (for example, one to four) that best representsuilding or only specific areas of the building?

the outdoor air source for the monitored indoor site. 7.2.2 If the data to be collected are time dependent (for
6.4 Combining an Occupant Survey with Environmentalexample, health and comfort symptoms on a particular day or
Monitoring: during the previous week), then the population units have a

6.4.1 Air quality characteristics and people’s perceptions otemporal component, also. Thus, the population units to be
the air quality may be measured simultaneously. If the objecsampled may be person-days or person-weeks. The set of days
tive is to infer a relationship between the two sets of measuregr other time units to be represented by the survey must be
ments for a larger population of people, places, and times, thegxplicitly defined. If only one temporal unit is to be represented
a probability sample of people, places, and times is necessarfor example, one day or one week), no sampling in time is

6.4.2 When a survey objective is to estimate the relationshipequired. Otherwise, sampling in time is necessary to represent
between data collected for building occupants and indoor aifhe desired population of people and times.
monitoring data (for example, between the occurrence of 7 3 Environmental Monitoring
specific symptoms and the concentrations of specific sub-
stances), a probability sample of locations and times (for the aiLrj
guality monitoring and symptom measurement) plus associat
people (for example, the people who work primarily at the
locations and times being monitored) is needed to suppo
those inferences. In this case, recording symptoms for the sa
temporal reference periods over which air quality samples arg,
collected is important. See Ré) for an example of such an
investigation.

7.3.1 The population units for environmental monitoring
ually must be defined in time and space because environ-
ental conditions usually change continuously. A population
unit is essentially the unit of time and space that is character-
ibed by a single measurement from a monitoring instrument.
us, different monitoring instruments may produce measure-
ents for different population units (for example, one provides
average concentrations for 6 to 12-h periods while another

o —_ . provides continuous measurements for up to 24 h).
6.4.3 A specific survey objective that would require a L . . . .
o : : . 7.3.2 The spatial dimension of a population unit for an air
probability sample of times, locations, and people is the

following: monitoring device may be an envelope of specified volume (for

6.4.3.1 Estimate the relationship of health and comfortexample’ 1090 ﬁ) cen_tered at the monitoring dewcg. How-
er, the reliability with which the monitoring device can

symptoms with concentrations of specific substances measur&y . d Lo S
aracterize the air quality in an envelope surrounding itself

in the same times and places as the health and Comfo(’;epends directly on air mixing in the immediate vicinity of the

Sygnztzmvflh"e one mav be able to approximate a relationshidevice. Therefore, definition of the spatial population units
o Y bp penerally depends on locations of physical boundaries (for

based on a non-probability sample (for example, locations thaqxam le, walls) and on characteristics of the heating, ventilat-
approximate the range of health and comfort symptoms or the pie, W L 9, :
Mg, and air conditioning (HVAC) system (for example, air

range of environmental measurements), a population sample js®’ =
fandling zones).

needed if the relationship is to be representative of the entire . o
P P 7.3.3 The space characterized by a monitoring instrument

population. Moreover, if other population characteristics (for i v h fixed boundari h h ial
example, the distribution of health and comfort symptoms otVill not usually have fixed boundaries. Thus, the spatia

the mean air concentration) are to be estimated from the Sangémensmn of a popula.tlon unit may be. somewhat arpnrary.
database, a population sample is required. Nevertheless, the spatial population units can be defined by

first reviewing the floor plan and the HVAC system of a
7. Defining Population Units building to construct a grid of points that, in their entirety,
7.1 The identification of population units depends on meaWwould effectively characterize the entire breathing-zone space
surement procedures and study objectives. The units in tHef the building if they were all monitored. The spatial popula-
target population are those units for which measurements wifion units are then disjoint envelopes centered at the grid points
be obtained and which in their aggregate represent the entif@otential monitoring locations). If the envelopes are of differ-
universe to which inferences will be extended. For environ-ent sizes, statistical analyses must account for these differ-
mental studies, these units usually need to be defined in tim@nCces.
and spac€7). 7.3.4 When a building can be subdivided into rooms or
7.2 Occupant Survey room-equivalents (for example, four room-equivalent areas for
7.2.1 When a survey of the occupants of an office buildingan auditorium) such that the air quality in the breathing zone of
is needed, defining the population of interest is relativelyeachroom can be characterized by the sample(s) collected
straightforward. Nevertheless, temporal and spatial effectdsing a single air sampling device in eaciom the spatial
need to be considered. Questions to be answered regarding thepulation units may be the set of all rooms or room-

inclusiveness of the population include the following: equivalents in the building.
7.2.1.1 Does the population include both part-time and 7.3.5 Similarly, the temporal dimension of a population unit
full-time workers? is the time period characterized by a single measurement. For
7.2.1.2 Does the population include both temporary and continuous monitor, any temporal period ranging from the
permanent staff? total time monitored down to the time resolution of the
7.2.1.3 Does the population include all work shifts? instrument can be characterized in the data analysis phase of
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the investigation. Thus, in this case, the temporal dimension asample to the population from which it was selected require
a population unit can be almost any time period suitable for theeasonably large sample sizes. When sample sizes are quite
desired statistical inferences. small (for example, less than 30), statistical inferences gener-
7.3.6 Many environmental monitors collect a sample over ally cannot be extended beyond the population units actually
specific period of time, called the period of integration, whichobserved and measured in the study.
may be used to characterize the average concentration of ag8.2 Sampling Frames
substance during the period of integration. These monitors may 8.2.1 When a sample of the workers in an office building is
have both a minimum and a maximum time period (forneeded, a list of all the workers in the target population may be
example, 6 to 12 h) that can be characterized with satisfactoryompiled and used as the sampling frame.
limits of detection. In this case, the monitoring instrument g2 2 However, if a building is occupied by several different
limits the pOSSibiIitieS for the temporal dimension of the tenants, a mu|tistage Samp“ng procedure may be necessary. A
population units. The study goals must be expressed in terms @hmple of tenants would be selected from a list of all the
the population units that actually can be observed and meayyjiding’s tenants at the first stage of sampling. A second-stage
sured. In the previous example, if hourly average or instantasample of individual employees would be selected from lists
neous concentrations were of interest, either the study goabirovided by the tenants selected at the first stage.
would have to be expressed in terms of 6 to 12-h averages org 2 3 Creating a sampling frame of locations in time and
a different monitoring instrument would have to be used.  gpace for monitoring indoor air quality requires that each unit
8. Probability Sampling Methods on the sampling frame be defingd in terms of 'Fhe_unit of .time
. and space that can be characterized by a monitoring device, as
8.1 Overview I . . . discussed earlier. Those units might be room-days (where
8.11 TW(? essential !ngredlents Of. any probability Samp“ngrooms are offices or other areas that can be effectively
method. are:1) a sampling fra_lmg or list of the elements in the characterized by a single monitoring instrument), room-hours,
pop'ullauon and;{) a randomllzanon procedgre that assigns agrid—point mornings and afternoons, and so forth.
positive probability of selection to every unit on the sampling 8.2.4 The spatial population units may have natural spatial

frame. If a simple list of all the elements of the target boundaries, such as the walls of rooms, or they may be a grid

populatlon_does hot exist, a mulnstage probab!hty sampllngof sampling points. If vertical gradients are not of interest, a
procedure is usually used. In this case, larger units are selecte?

, . ihiprane of grid points at a specified height (for example, the
at th? ﬁrst stage of sampllr)g (for example, study areas withi breathing zone), may be sufficient. Given the maximum size of
a building) ar_ld _smaller units are selected at egch subsequetrp]te space that’ can be represented by a single monitoring
stage from within the units selected at the previous stage (foézevice the HVAC design, and the floor pian, a grid of potential

example, workers within sampled study areas). Paragraph 8, 2 mpling points can be established fairlv easily for most
discusses construction of sampling frames for all types o 'Idp gp dies that h d rand y i y f ol
probability sampling. uildings. Studies that have used random sampling of potentia
8.1.2 Using probability sampling does not mean that aIImonltorlng sites include ReRS) and(8).
- 8.3 Stratification

units in the population must be selected totally at random. - , L i
¢8-3.1 Stratified sampling refers to partitioning the sampling

Instead, the knowledge of engineers, plant managers, ar} . disiof b d ind dentl lecti
others familiar with a building’s operation can be used to''@me Into disjoint subsets and Independently selecting a

partition the sampling frame into subsets, called strata, sucfample from each _subset,_or stratum. Stratified sampling will
that a more efficient sample is obtained by independentl;}‘sua”y be appropriate for indoor air studies. The purposes of

selecting a sample from each stratum. Paragraph 8.3 discussaiatification include the following:

stratification of sampling frames for indoor air studies. 8.3.1.1 Ensuring the representativeness of a sample by
8.1.3 Paragraphs 8.4 and 8.5 introduce two simple methoddJaranteeing that_all' strata are sampled (for example, all floors

for selecting probability samples—simple random sampling®f @ multi-floor building), .

and systematic sampling. These simple procedures may be8-3.1.2 Ensuring adequate sample sizes for analyses for

sufficient for some indoor air studies. However, more complexndividual strata (for example, in offices and in common public

probability sampling methods will be more appropriate forareas), and

many studies. The references listed in Appendix X1 provide 8.3.1.3 Improving the precision of overall population esti-

in-depth treatment of probability sampling methods. mates of means and proportions by forming strata such that
8.1.4 Because environmental monitoring is often expensiv€nvironmental parameters are more alike within strata than

and because precise statistical estimates often require largtween strata.

sample sizes, innovative sampling designs may be necessary8.3.2 Not only will effective stratification improve the

for many indoor air studies. Paragraph 8.6 discusses samplinygecision of survey estimates, but ineffective stratification

design options that can be considered for reducing survegenerally can be no worse than unstratified sampling. There-

costs. fore, stratified sampling is generally recommended for indoor
8.1.5 If costs or other considerations lead to a total samplair studies. However, major resources should not be devoted to

size of fewer than 30 observations in time and space, a sampttefining strata unless real gains in precision are expected.

of units purposively selected to be representative of the 8.3.3 Using different probabilities of selection in different

population of interest is likely to be more appropriate thanstrata is only advisable when estimates with different precision

probability sampling. Probability-based inferences from aare required for different strata or when prior knowledge of
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different sampling costs or variability of environmental mea-the result would be a two-stage, equal-probability sample of
surements make different sampling rates more efficient. Otheccupants in the specified population of buildings.
erwise, the same sampling rate should be used in all strata. 8.7 Cost-Saving Techniques

8.3.4 If separate estimates are to be computed for several 8.7.1 Some techniques that can be used to reduce or control
different areas of a building (for example, different floors or thethe cost of a statistical survey include:
areas occupied by different tenants), then each such area should.7.1.1 Relaxing precision constraints,
be a separate stratum to ensure a sufficient sample size in eachg 7.1.2 compositing samples, and

area. Within each such stratum, or within the building as a g7 1 3 Using double, or two-phase, sampling techniques.
whole, other considerations that can lead to relatively homo- 8.7.2 One may initiaII'y begin with a'set of study objectives

geneous strata for improving precision include: and corresponding precision constraints for several population

8.3.4.1 Ventilation patterns, parameters. If the cost of the survey that would achieve all the
8.3.4.2 Locations of potential sources of the substancegrecision constraints is too great, relaxing precision constraints
being monitored, and may be the most obvious way to reduce the cost of the survey.
8.3.4.3 Work locations of people with potentially high However, it may not be possible to achieve major cost savings
susceptibilities. in this way unless precision constraints that have been estab-
8.4 Simple Random Sampling lished for small population subgroups can be eliminated.

8.4.1 Simple random sampling is conceptually the simplest 8-7.3 When the objective of a monitoring program is to
method of probability sampling. A simple random sample is a€Stimate a mean over time or space, or both, the material
sample selected so that all possible samples have the sarf@lected in two or more environmental samples can be
probability of being selected. Selecting a simple randonfcombined for laboratory analysis to reduce costs. This proce-

sample within each of several strata may be sufficient for somgure, referred to as compositing samples, is only appropriate
indoor air studies. when the composited samples contain sufficient information to

rﬁ\ddress the study objectives. Compositing samples loses some
dm‘ormation (for example, temporal and spatial detail) that can

nly be obtained from the separate samples. For example,
ppose that a study objective was to estimate the mean

8.4.2 Atable of random numbers or a computerized rando
number generator can be used easily to select a simple rand
sample. Simply generate or assign a several-digit randorf}
number between zero and one to each unit on the samplin . . . i
frame. Then sort the units in order by the random numbers. Th oncentration of inhalable particles for each floor of a multi-

n units associated with the smallest random numbers (O§tory building during a one-week perioq of time. A set of
samplers could be deployed the first day in randomly selected

Egﬂvfgegftléizv;;th the largesy) constitute a simple rarwlomlocations on each floor and then moved to new randomly
P ) . selected locations each day of the week. Each monitor would

8.5 Systematic Sampling be collecting a sample that is composited over time and space.

8.5.1 To select a systematic sample from a sampling frame&gecause each composited sample is a sum over time and
use a random number table or a computerized random numbgjcations on the same floor, the composited samples would
generator to select one unit at random from the Krshits on - haye less variability than the individual location-day samples,
the frame, for a suitably chosen valuelofEverykth uniton  and a smaller sample size would be sufficient for obtaining
the frame following the randomly selected unit is also aspecified precision for the estimated mean concentration of
member of the systematic sample. inhalable particles.

8.5.2 Thus, a single random number is sufficient to deter- g.7.4 Double, or two-phase, sampling refers to collecting
mine all the units in a systematic sample. Alternatively, ajnformation in an initial, inexpensive survey and using that
systematic sample is a single randomly selected cluster Qhformation to refine a later, more expensive survey. The
population units. Because a Systematic Sample is tEChnicaliY]itiaL inexpensi\/e survey may be a baseline survey or
just a cluster sample of size one, a valid estimate of precisioBngineering evaluation of a building. This information could be
(for example, standard error) cannot be computed from a singlgsed to stratify a sample into areas in which indoor air
systematic sample. Therefore, multiple systematic samples (fgfroblems are expected to be less prevalent and others in which
example, five samples) are recommended so that valid esfihey are expected to be more prevalent. If a primary objective
mates of precision can be computed for survey statisticsf the study were to estimate the mean level of a substance in
Alternatively, a systematic sample is sometimes analyzed as fhe air, using such strata and sampling each stratum at the same
it were a simple random sample. rate could result in a more precise estimate of the mean than

8.6 Multistage Sampling-If inferences are required for the using an unstratified sample. Alternatively, such strata may
occupants or environmental conditions in a population ofserve as the basis for unequal sampling rates. For example,
buildings, then buildings would generally be selected withenvironmental monitoring might be restricted to the strata
probabilities proportional to some measure of size (for ex-expected to represent thest caseandworst casesituations.
ample, number of occupants or occupied square feet) at the firslowever, because this strategy risks missing the true best and
stage of a multistage sample. For example, if buildings weravorst cases because of imperfect information for defining the
selected with probabilities proportional to the number ofstrata, a preferable approach would be to select samples from
occupants and the same number of occupants were selectalll strata using different sampling rates. The sampling rates
from each sampled building at the second stage of samplinghould generally differ by no more than a factor of three.
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8.7.5 Another application of double, or two-phase, samplingneasurement, standard statistical analysis methods that assume
is to deploy a large sample of inexpensive monitoring instrusimple random sampling will generally yield slight overesti-
ments at randomly selected locations and co-locate mormates of the standard errors of survey statistics, which would
precise, expensive monitoring instruments at a randomly sdead to conservative statistical inferences.
lected subsample of locations. The mean can then be estimatedd.4 The primary analyses to be conducted should always be
using a double-sampling regression estimator. The regressiafecided during the design phase of the study to ensure that the
relationship between the expensive and inexpensive measurguestions asked and the other data collected will be sufficient to
ments would be estimated. The double-sampling regressiosupport the desired analyses. The results of the initial analyses
estimator uses the regression predictions of the more expensiv@ll usually suggest other analyses of interest. The format of
measurements for the sample units for which those data wete analyses (for example, specific tables or correlations) will
not collected. If there is a high correlation between theusually be rather specific to the individual studies. However,
measurements produced by the two instruments, the precisiahe analyses will generally include summaries for specific areas
of the estimated mean may be almost as great as if the moesf the building and times of day. If the data indicate that air
expensive measurements were obtained for the entire samplguality problems are greater in some areas or times than others,
. . closer inspection of those areas and times may reveal the
9. Analysis and Reporting source of the problem.

9.1 Summarizing the data collected in an indoor air study 9.5 when analyzing environmental measurements of indoor
may be fairly straightforward when a census of the buildingajr quality, one must be aware of the potential effect of
occupants has been conducted. If the population of interest igeasurement errors. If environmental characteristics could be
the current population at the time of data collection, then anyneasured without error for every unit in the population, then
observed differences reflect the total population and, thereforgne resulting distribution of measurements would be the true
are true differences. No confirmation by statistical significancgyopulation distribution. When analyzing environmental data, it
is necessary. However, if a sample of occupants has begd the parameters of this true population distribution (for
selected, or the current occupants are viewed as a singi8ample, mean, median, and percentiles) that one wants to
realization of the long-term population of occupants, thenestimate. However, even assuming that there are no systematic
estimation of standard errors and identification of statisticallimeasurement errors, random measurement errors result in an
significant differences may be important. observed distribution (the distribution of all possible measure-

9.2 If building occupants or environmental monitoring 10- ments) that is flatter and more disperse than the true population
cations have been selected with unequal probabilities Ofjistribution. If the measurement error variability is not negli-
selection or using complex sampling design features such afiple relative to the true population variability, sample statistics
stratification or multistage sampling, proper statistical analysipased on the observed distribution will usually be biased
may be complex. Computing unbiased population estimategstimates of the corresponding population parameters. Esti-
requires that each response or measurement be weightgghtes of percentiles far from the median will be most affected.
inversely to the sampling unit's probability of selection. The observed percentiles will lie further from the population
Moreover, estimates of precision of survey statistics (formedian than do the true population percentiles. Statistical
example, standard errors) must account for all features of thechniques are available for estimating parameters of the true
sampling design, such as stratification, multistage samplingyopulation distribution when the observed distribution contains
and unequal probabilities of selection. In addition, estimates ofon-negligible measurement error. These techniques require
precision need to incorporate a statistical finite populationnformation about the statistical distribution of the measure-
correction whenever a large portion of the population (forment errors, which can be developed from quality control data
example, more than 10 %) has been selected from any stratuhat is, replicate measurements and standard samples). Gen-
Most commercially available statistical software packages usgra| techniques for incorporating measurement error in analysis

procedures that are only applicable for analysis of dataf environmental data are discussed in REd).
collected using simple random sampling from infinite popula-

tions. Software packages that have been developed for analysi§ Resources

f dat llected f finit lati d usi th
o nata coected Tom Tnie popuations anc: Lsing otmer 10.1 A bibliography of references that discuss the design

probability sampling designs are reviewed by R®X . . . )
9.3 Even when the overall probabiliies of selection are2nd @nalysis of sample surveys is provided as Appendix X1.

equal, special techniques are needed to correctly estimate

standard errors if the sampling design is not simple (unstratitl- Keywords

fied) random sampling. However, when a stratified simple 11.1 indoor air quality; probability sampling methods; ran-
random sample of units has been selected for observation diom sampling; survey sampling
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APPENDIX

(Nonmandatory Information)

X1. BIBLIOGRAPHY FOR SAMPLING DESIGN

X1.1 Cochran, W. G., Mosteller, F., and Tukey, J. W., X1.8 Moser, C. A., and Kalton, G.Survey Methods in
“Principles of Sampling,”Journal of the American Statistical Social Investigation2nd ed., Heinemann, London, England,
Association March 1954, pp. 13-35. 1971.

X1.2 Cochran, W. G.sampling Technique8rd ed., John X1.9 Raj, D.,Sampling TheoryMcGraw-Hill, New York,
Wiley & Sons, New York, NY, 1977. NY, 1978.

X1.3 Hansen, M. H., Hurwitz, W. N., and Madow, W. G., X1.10 Rossi, P. H., Wright, J. D., and Anderson, A. B., eds.,
Sample Survey Methods and Thealghn Wiley & Sons, New Handbook of Survey Researchcademic Press, New York,
York, NY, 1953. NY, 1983.

X1.4 Kalton, G.,Introduction to Survey Samplingsage X1.11 Skinner, C. J., Holt, D., and Smith, T. M. F., eds.,

Publications, Beverly Hills, CA, 1983. Analysis of Complex Surveydohn Wiley & Sons, Chichester,
England, 1989.

X1.5 Kendall, M. G., and Stuart, AThe Advanced Theory
of Statistics, Volume 3: Design and Analysis, and Time-Series X1.12 Sukhatme, P. V., and Sukhatme, B. 8ampling
Hafner Publishing, New York, NY, 1968, pp. 166—238. Theory of Surveys with Applicationtowa State University

. ) ) Press, Ames, IA, 1970.

X1.6 Kish, L., Survey Samplinglohn Wiley & Sons, New

York, NY, 1965. X1.13 Wolter, K. M.,Introduction to Variance Estimatign
. o Springer-Verlag, New York, NY, 1985.

X1.7 Konijn, H. S., Statistical Theory of Sample Survey
Design and AnalysjsNorth-Holland and Publishing, London,  X1.14 Yates, F.,Sampling Methods for Censuses and
England, 1973. Surveysdth ed., Griffin, London, England, 1981.
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