
ORIGINAL ARTICLE

Assessing spatial fluctuations, temporal variability, and
measurement error in estimated levels of disinfection by-
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Aims: To assess spatial fluctuations, temporal variability, and errors due to sampling and analysis in levels
of disinfection by-products in routine monitoring tap water samples and in water samples collected in
households within the same distribution system for an exposure assessment study.
Methods: Mixed effects models were applied to quantify seasonal effects and the degree to which
trihalomethane (THM) levels vary among households or locations relative to variation over time within
seasons for any given location. In a separate analysis, the proportion of total variation due to
measurement error arising from sampling and analysis was also quantified.
Results: THM levels were higher in the summer relative to other seasons. Differences in the relative
magnitude of the intra- and inter-household components of variation were observed between the two sets
of THM measurements, with a greater proportion of the variation due to differences within seasons for the
routine monitoring data and a greater proportion of the variation due to differences across locations for
the exposure assessment study data. Such differences likely arose due to differences in the strategies used
to select sites for sampling and in the time periods over which the data were collected. With the exception
of bromodichloromethane, measurement errors due to sampling and analysis contributed a small
proportion of the total variation in THM levels.
Conclusions: The utility of routine monitoring data in assigning exposure in epidemiological studies is
limited because such data may not represent the magnitude of spatial variability in levels of disinfection by-
products across the distribution system. Measurement error contributes a relatively small proportion to the
total variation in THM levels, which suggests that gathering a greater number of samples over time with
fewer replicates collected at each sampling location is more efficient and would likely yield improved
estimates of household exposure.

C
hlorine, used by municipal water treatment facilities to
disinfect water, reacts with naturally occurring organic
matter to produce a host of compounds known as

disinfection by-products.1 In addition to chloroform, bromi-
nated species such as bromodichloromethane, dibromochloro-
methane, and bromoform may also be formed if bromide is
present in the source water. Together, these volatile
compounds comprise the trihalomethanes (THMs). Non-
volatile disinfection by-products are also produced, which
include haloacetic acids and haloacetonitriles. The extent of
formation of specific compounds depends on treatment
parameters (for example, the type and amount of disinfectant
used), water parameters (for example, pH and temperature)
and the amount and type of organic matter in the source
water.1 In general, however, THMs are the most abundant
class of compounds present in treated drinking water,
followed by haloacetic acids.2

Because water temperatures, the organic load in the water,
and chlorine dosages are typically higher during the summer
than in other seasons, THM levels tend to be highest during
the warmest months of the year.3–6 In addition to systematic
changes that occur seasonally, the hydraulic characteristics of
the distribution system and water treatment parameters such
as adjustments to chlorine dosages contribute to variations in
THM concentrations from day to day, as well as diurnally
within a 24 hour period.7 Additionally, the travel time to
various locations within the distribution system (referred to
as the residence time or water age) influences concentrations
of disinfection by-products at sites served by the water utility,

with levels generally increasing the longer the water ages in
the system. Since residence time is a function of the size and
geometry of the pipe network, water demand, and distance
from the treatment facility, higher THM levels may be more
likely for households farther away from the water plant, for
those areas served by smaller pipes or by more complex
routing schemes, and where demands for water are low.7 8

Epidemiological studies have evaluated associations
between exposure to disinfection by-products and cancer,9

as well as adverse reproductive outcomes.10 11 Such studies
have relied on different methods of assessing exposure,
which presents difficulties in making comparisons between
investigations and in generalising results.12 13 Studies inves-
tigating cancer outcomes necessarily dictate the application
of retrospective methods to evaluate exposures and, there-
fore, require the use of surrogate (and likely error prone)
measures of exposure because of the long historical periods of
time for which requisite water quality information is not
available. In contrast, exposure assessment in studies of
reproductive outcomes should be relatively simpler because
of the focus on more recent exposures for which water
quality data are more readily available. Yet, despite the
shorter interval over which the potential for exposure exists,
these investigations have also been hindered by assessment
strategies that likely introduced error in classifying exposure
because of their reliance on sparse data and the failure to
account for spatial and temporal fluctuations in THM levels
across the distribution system over the time periods (weeks
or months) relevant to studying pregnancy. Finally, another
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complicating factor in investigations of increased health risks
associated with exposures to disinfection by-products is
proper identification of the putative agent, which toxicolo-
gical studies suggest may be the halogenated acetic acids10

rather than the more commonly measured and more
abundant THMs.

Despite widespread recognition of temporal and spatial
variation in levels of disinfection by-products in distribution
systems, investigations have not been conducted to quantify
the degree to which these contaminants vary over time and
across households served by the same water utility. Unlike
the variability in occupational exposures that have been the
focus of numerous investigations,14 15 similar studies focusing
on variation in contaminant levels in environmental samples
have been limited16 17 and no studies, to our knowledge, have
examined disinfection by-products in tap water. Such
questions are of critical importance when exposures to
disinfection by-products are estimated on an individual (or
household) basis because random variation in exposure over
time produces error in the exposure assessment and tends to
attenuate measures of effect.18

Given our lack of understanding of variability in levels of
disinfection by-products, the primary objective of the current
investigation was to evaluate sources of variation in THM
levels in drinking water. In particular, we were interested in
quantifying seasonal effects and the degree to which THM
levels vary among households or locations in the same
municipality (inter-household source of variation) relative to
the variation in any one household (or location) over time
(intra-household variation). Given that it is common practice
to collect replicate tap water samples at each location during
sampling surveys for quality control purposes, a secondary
objective was to partition the intra-household source of
variation into a component due to sampling and laboratory
assay errors and a component due to the myriad factors that
affect changes in THM levels from month to month within
the same season.

MATERIALS AND METHODS
Compilation of a database of levels of disinfection by-
products in tap water samples
One of the primary aims of a previous investigation
conducted at the University of North Carolina (UNC), which
was entitled The Chlorination By-product Exposure
Assessment Study, was to develop and validate engineering

models that predict individual household THM levels in tap
water based on treatment parameters and hydraulic char-
acteristics of the distribution system.19 20 As part of this
investigation, 17 households and other sites within the
Orange Water and Sewer Authority (OWASA) service district
in Orange County, North Carolina were identified for
evaluation of THM levels in tap water. The households were
selected to provide relatively uniform spatial coverage of the
distribution system.

Water samples for this intensive survey were collected in
July, August, September, and October of 1994 and in
February, March, and April of 1995. During the seven
sampling periods, samples were collected from each location
on the same day (25/7/94, 3/8/94, 28/9/94, 26/10/94, 27/2/95,
31/3/95, 27/4/95); however, the time of day that each sample
was collected was not recorded. Six locations were omitted
during two of the sampling rounds (3/8/94 and 28/9/94) for
logistic reasons. The water utility used free chlorine as both
the primary and secondary disinfectant in their distribution
system at the time these surveys were conducted. Chloroform
comprises in excess of 80% of the total THM concentrations
in this system.

Levels of chloroform, bromodichloromethane, dibromo-
chloromethane, bromoform, and total THMs in tap water
were evaluated using standard methods of sampling and
analysis19–21 and are briefly described here. After allowing the
water to run for five minutes, samples were collected into
40 ml glass vials containing a few crystals of ammonium
sulphate to quench any free chlorine residual and prevent
further formation of THMs. The vials were then sealed
headspace-free with Teflon faced septa, placed in an ice
chest, and refrigerated on return to the laboratory. THM
concentrations were analysed using gas chromatography
with electron capture detection after hexane extraction, with
a method detection limit of 1 mg/l.21 For quality control, tap
water samples were collected and analysed in triplicate. In
the four surveys that were conducted in 1994, the concentra-
tion data of individual THM constituents and of total THMs
in the triplicate samples were available;19 in the three surveys
conducted in 1995, only the average of the measurements of
the triplicate samples collected at each location were
reported.20

In addition to the monthly survey of 17 sites in the water
utility’s service district, quarterly routine compliance mon-
itoring records were obtained for THM levels at five locations
for 12 different sampling periods during the interval from
February 1991 to November 1993.19 Sampling was carried out
by the water utility in accordance with EPA procedures.
Following standard practice by water utilities, all locations
were sampled on the same day. The water samples were
analysed for THMs by a commercial state approved labora-
tory. Routine monitoring data were available for chloroform,
bromodichloromethane, dibromochloromethane, bromo-
form, and total THMs.

The routine monitoring data for 1994 and 1995 were also
obtained as part of the current investigation to allow for more
direct comparisons with the tap water measurements made

Main messages

N Quantifying sources of variability in THM levels allows
inferences to be made regarding the relative influences
on exposure of factors related to the distribution
system, macro- and micro-environmental conditions,
treatment characteristics, and errors in sampling and
analysis.

N Information about the relative magnitude of important
components of variation facilitates the design of
efficient sampling strategies for assessing exposure to
disinfection by-products, particularly those associated
with short term exposure events such as potential
adverse reproductive and developmental health effects.

N The utility of routine municipal monitoring data in
assigning exposure in epidemiological studies might be
limited because such data may not represent the
magnitude of spatial variability in levels of disinfection
by-products across the distribution system.

Policy implications

N Changes in municipal monitoring programmes in the
United States with regard to the selection of sites for
THM evaluation in the distribution system and in the
frequency of sampling over the course of a year would
enhance the usefulness of the data that are routinely
collected.
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in the exposure assessment study. Nonetheless, the two data
sets differ in that the exposure assessment study data were
collected for four consecutive months in one year (in summer
and autumn) and in three consecutive months in the second
year (in winter and spring), whereas the routine monitoring
data were gathered quarterly (approximately every three
months) each year. Moreover, the 17 sites selected for
sampling in the exposure assessment study were spatially
distributed across the water system. In contrast, the routine
monitoring data are from fewer sites, three of which
represent average system residence times, the fourth the
finished water at the point of entry to the distribution
system, and the fifth a remote location with an expected high
residence time.

The source of the data (water utility versus exposure
assessment study), the dates and locations of sampling, a
unique identifier for each of the triplicate samples collected at
the same location (1994 exposure assessment study only),
the specific contaminant measured, and the concentration
values (mg/l) were input into the spreadsheet MS Excel
(Microsoft Corp., Redmond, WA) and then converted into
SAS (SAS Institute, Inc., Cary, NC) databases.

Assessment of variability in levels of disinfection by-
products in tap water
Prior to our assessment of variability in levels of disinfection
by-products in tap water, preliminary analyses were con-
ducted to guide the selection of the most appropriate model.
All of the bromoform measurements collected by the water
utility were below detectable levels (,1 mg/l) and nearly 68%
of the bromoform measurements were below detection limits
in the exposure assessment study. Thus, subsequent analyses
that focused on the individual constituents of the THMs
excluded evaluation of the bromoform data. Also, higher
than expected concentrations of brominated trihalomethanes
during the October 1994 survey had been previously noted by
Kachur,19 who speculated that they likely arose as a result of
contamination of a chemical used in the water treatment
process with bromide since it is known that the source water
contains relatively low levels of naturally occurring bromide.
Consequently, these data were excluded when the individual
THM constituents were analysed to minimise effects due to
the possibly anomalous levels of bromodichloromethane and
dibromochloromethane detected during the last sampling
round of 1994.

We examined temporal effects by visually inspecting
graphs of the mean levels of total THMs during each
sampling period (see fig 1). Consistent with results reported
previously,3–6 these plots indicated seasonal trends in the data
with noticeable peaks during the summer months. Finally,
histograms of the measurements for total THMs suggested
that the data were approximately lognormally distributed.
Since chloroform is the predominant species among the
THMs in the distribution system served by the water utility, a
frequency distribution of those data produced almost
identical plots as those for total THMs, whereas histograms
of measurements of bromodichloromethane and dibromo-
chloromethane appeared somewhat less right-skewed as
concentrations of these species tended to be relatively small.
Because the untransformed data were skewed to the right,
we used the natural logarithm of the THM concentrations in
our modelling of variability (see below) to produce distribu-
tions that were approximately normal.

Evaluation of seasonal effects and intra- and inter-
household variation in levels of disinfection by-
products
To account for seasonal effects while incorporating intra-
and inter-household sources of variation in levels of

contaminants in drinking water, a mixed effects linear model
was applied to total THMs measured in tap water samples
collected at 17 households surveyed during 1994 and 1995
and to routine monitoring data (total THMs; chloroform;
bromodichloromethane; dibromochloromethane) collected at
five locations by the water utility from 1991 through 1995.
Separate analyses were also conducted on the subset of the
monitoring samples collected during the same years as the
exposure assessment study (1994–95) to enhance compar-
isons between the two sets of data. Seasonal differences were
evaluated as a fixed effect with data stratified on the basis of
when the samples were collected. The timing of sampling was
broken down categorically into four periods (quarters):
‘‘winter’’ (January to March), ‘‘spring’’ (April to June),
‘‘summer’’ (July to September), and ‘‘autumn’’ (October to
December). Two components of random variation were
modelled: (1) a component of variation due to location or
household; and (2) a component of variation due to
differences across sampling periods within each season for
each location as categorised above. These two components of
variation comprise the inter- and intra-household sources of
variation in disinfection by-product levels, respectively. Due
to differences in the sampling strategies that were used to
collect the data, the intra-household source of variation
reflects year-to-year differences in THM levels within
seasonal periods for the routine monitoring data and
month-to-month differences within a seasonal period of the
same year for the exposure assessment study data.

Briefly, the mixed effects model is specified as follows:

Figure 1 Temporal variations of the mean levels (¡1 SE) of total THMs
in tap water samples (mg/l) from residences and other locations in
Orange County, North Carolina; (A) exposure assessment study data;
(B) routine compliance monitoring data.
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Yijk = ln(Xijk) = mY + ai + bij + eijk (1)

for:
i = 1,…, a seasonal effects
j = 1,2,…, b households
k = 1,…, nij measurements from the j-th household in the
i-th season,
and where:
Xijk = the THM concentration for the j-th household on the
k-th day in the i-th season
Yijk = the natural logarithm of the THM concentration
mY = the overall mean of Yijk

ai = the fixed effect due to the i-th season
bij = the random effect due to the j-th household in the i-th
season
eijk = the random error due to the k-th measurement from
the j-th household in the i-th season.
It is assumed that the ai sum to zero and thus have a

population variance defined as

where a = 4 seasons in this application. Under the model, it is
also assumed that bij and eijk are mutually independent and
normally distributed with zero means and vari-
ances and , respectively. Thus, and represent
the inter- and intra-household variance components. We
assumed a common covariance for all pairs of measurements
collected at the same household (which is referred to as a
compound symmetry covariance structure). It directly follows
from the model that E(Yijk) = mY+ai for all i, j, k; Var(Yijk) =

+ for all i, j, k; and Cov(Yijk, Yijk9) = for k ? k9 and
for all i, j.

Quantification of measurement error related to
sampling and analysis and intra- and inter-
household variation in levels of disinfection by-
products
Given the availability of the raw data containing the values of
the THM concentrations in the triplicate samples collected
and analysed during 1994, we were able to partition the
variation in the measurements within a household from one
sampling period to another (expressed by the term eijk in
model 1) into two separate components: (1) a component
associated with errors in sampling and analysis; and (2) a
component associated with factors that affect changes in
THM levels from one month to the next. As before,
‘‘household’’ was modelled as a random effect. A fixed effect
for season was omitted in the model because of the exclusion
of the October 1994 data, which left only data collected
during the summer (July, August, and September) to be
analysed. Briefly, the two way random effects model can be
specified as follows:

Yjkl = ln(Xjkl) = mY + bj + ejk + gjkl (2)

for:
j = 1,2…, b households
k = 1,…,nj measurements from the j-th household
l = 1,2,3 triplicate samples for the k-th measurement from
the j-th household
and where:
Xjkl = the THM concentration of 1-th replicate for the k-th
measurement from the j-th household
Yjkl = the natural logarithm of the THM concentration
mY = the overall mean of Yjkl

bj = the random effect due to the j-th household

ejk = the random effect due to the k-th measurement from
the j-th household
gjkl = the random error due to the 1-th replicate for the
k-th measurement from the j-th household.

It is assumed that bj, ejk, and gjkl are mutually independent
and normally distributed with zero means and variances ,

, and , respectively. As in model 1, a compound
symmetry covariance structure was assumed. It follows that
E(Yjkl) = mY for all j, k, l; Var(Yjkl) = for all j, k, l;
Cov(Yjkl, Yjkl9) = for l ? l9 and for all j, k and Cov(Yjkl,
Yjk9l9) = for l ? l9, k ? k9, and for all j.

Under models 1 and 2, restricted maximum likelihood
estimates of the variance components were obtained using
PROC MIXED available with SAS software (SAS Institute,
Cary, NC).

RESULTS
Table 1 summarises the concentrations of disinfection by-
products in tap water samples collected by the water utility
and in the exposure assessment study. As expected, chloro-
form comprised approximately 80% of the total THM
concentrations in this system. While the periods of data
collection do not directly coincide, it appears that average
levels of total THMs were lower for the five locations sampled
by the water utility (mean 56.8 mg/l; 3/94–11/95) compared to
the 17 locations sampled in the exposure assessment study
(mean 71.1 mg/l; 7/94–4/95). In evaluating the results of the
correlation analysis to investigate relations between levels of
total THMs and individual THM constituents (see table 2),
total THM levels were highly correlated with choroform and
bromochlorodichloromethane, but not with dibromochloro-
methane. The individual THM species correlated well with
each other with the exception of chloroform and dibromo-
chloromethane.

Evaluation of seasonal effects and intra- and inter-
household variation in levels of disinfection by-
products
We used mixed effects models to evaluate sources of
variation in levels of disinfection by-products and obtain
estimates of the fixed effect due to season and the intra- and
inter-household variance components. As shown in table 3,
our results indicate that seasonal effects were important
predictors of THM levels. Relative to summertime levels of
THMs, concentrations were considerably lower in the
autumn and spring with the lowest levels detected during
the winter months for the routine monitoring data. Seasonal
differences were also detected in the exposure assessment
study data with total THM levels decreasing during the
winter and spring periods. To further examine the influence
of seasonal effects, a random effects model that excluded the
fixed effect for season was fitted to each data set. In making
comparisons between the random effects and mixed effects
models, accounting for seasonal influences decreased the
estimated total variance in total THM levels for the exposure
assessment study data from 0.080 to 0.068 (15%). A much
larger decrease in the total variance between the two models
was observed for the routine monitoring data (1991–95),
which fell from 0.123 to 0.048 (61%). We also computed the
proportion of the intra-household variation explained by
season

where and are the intra-household variance
components obtained from the one way random effects and
mixed effects models, respectively.22 The intra-household
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variance component was reduced by 44% for the exposure
assessment study data (with a drop from 0.048 to 0.027), and
by 61% for the routine monitoring data (with a drop from
0.115 to 0.045). The analyses were repeated for the subset of
monitoring data collected during 1994–95 and similar
reductions were observed.

In evaluating the relative contributions of the sources of
variation in total THM levels, inconsistent results were
obtained. Controlling for seasonal effects, more of the
variation in the exposure assessment study data was
attributable to differences in average levels of total THMs
across residences ( = 0.041) compared to fluctuations over
time ( = 0.027). Viewed in terms of the proportion of the
variation explained by each component of variance, almost
two thirds of the total variance ( = 0.068) was due to
differences across residences (61%) and a little more than
one third of the variance was due to intra-seasonal
differences over time (39%). In contrast, the source of
variation across locations contributed much less to the total
variability in total THM levels in the routine monitoring data
collected during the same period (1994–95) (22%) when
compared to the source of variation within seasons (78%). A
similar breakdown in the proportion of the variation
explained by each component of variance was obtained for
the monitoring data collected over the period 1991–95 for
total THM levels and individual THM species with the

exception of dibromochloromethane, which exhibited far
less variation between locations (2%) than variation over
time (98%).

Quantification of measurement error related to
sampling and analysis, and intra- and inter-
household variation in levels of disinfection by-
products
As shown in table 4 for total THMs, the estimates of the
components of variation (and percentage of total variation)
due to differences between households, differences over time,
and differences in concentration levels among the triplicate
samples arising from errors in sampling and analysis were
0.077 (58%), 0.041 (31%), and 0.013 (10%), respectively.
Similar results were observed for chloroform, with somewhat
less variation in average levels exhibited among households
(52%) and somewhat more variation observed across
sampling periods (39%). Whereas a substantial proportion
of the variation in bromodichloromethane levels was due to
differences between households (82%), the household source
of variation (37%) was far less influential for dibromochloro-
methane.

DISCUSSION
In this study, we were able to examine seasonal effects on
levels of disinfection by-products along with the degree to

Table 1 Trihalomethane concentrations in tap water (mg/l) from residences and other locations in Orange County, North
Carolina from two data sources

b* n* N* Mean Median Min Max SD

Exposure assessment study (7/94–10/94)
Chloroform 17 3–4 56 62.3 56.5 30.2 141 23.1
Bromodichloromethane 17 3–4 56 14.3 13.4 9.41 19.7 3.32
Dibromochloromethane 17 3–4 56 3.08 2.26 1.48 5.86 1.46
Total trihalomethanes 17 3–4 56 79.7 75.0 41.7 161 24.0
Exposure assessment study (7/94–4/95)�
Total trihalomethanes 17 6–7 107 71.1 67.5 41.7 161 21.7
Routine monitoring data (2/91–11/95)
Chloroform 5 20 100 46.9 41.1 22.4 128 21.0
Bromodichloromethane 5 20 100 9.38 8.95 4.00 19.7 3.07
Dibromochloromethane 5 20 100 1.48 1.20 ,1 3.70 0.734
Total trihalomethanes 5 20 100 57.7 52.2 27.4 142 23.3
Routine monitoring data (3/94–11/95)
Chloroform 5 8 40 44.4 40.7 23.4 98.3 18.5
Bromodichloromethane 5 8 40 10.4 10.2 5.60 16.1 2.34
Dibromochloromethane 5 8 40 1.95 1.80 ,1 3.70 0.697
Total trihalomethanes 5 8 40 56.8 52.3 30.6 114 20.3

*b = no. of sampled locations (or households); n = no. of measurements per location; N = total number of measurements.
�In the three surveys conducted in 1995, measurements were only reported for total trihalomethane levels.

Table 2 Estimated Spearman rank correlation coefficients between levels of total trihalomethanes and individual THM
constituents

Chloroform Bromodichloromethane Dibromochloromethane Total trihalomethanes

Exposure assessment data: 7/94–9/94 (n = 39)
Chloroform – 0.833* 0.226 0.996*
Bromochlorodichloromethane 0.833* – 0.672* 0.856*
Dibromochloromethane 0.226 0.672* – 0.270
Total trihalomethanes 0.996* 0.856* 0.270 –
Routine monitoring data: 2/91–11/95 (n = 100)
Chloroform – 0.707* 0.237* 0.982*
Bromochlorodichloromethane 0.707* – 0.762* 0.810*
Dibromochloromethane 0.237* 0.762* – 0.376*
Total trihalomethanes 0.982* 0.810* 0.376* –
Routine monitoring data: 3/94–11/95 (n = 40)
Chloroform – 0.754* 0.063 0.981*
Bromochlorodichloromethane 0.754* – 0.465* 0.834*
Dibromochloromethane 0.063 0.465* – 0.182
Total trihalomethanes 0.981* 0.834* 0.183 –

*p,0.05.
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which contaminant levels vary among households served by
the same distribution system relative to the magnitude of
variability over time within seasonal periods. To our knowl-
edge, this is the first study that provides quantitative
estimates of both seasonal effects and of the inter- and
intra-household sources of variation in THM levels. Such a
methodological approach is beneficial in enhancing our
understanding of the important sources of variation in levels
of disinfection by-products in tap water and for assessing
exposure when epidemiological studies are carried out.

In the mixed models that were applied, we confirmed
seasonal differences in THM levels as reported previously in
the literature.3–6 Yet, the magnitude of the effect was not
consistent when comparisons were made between the two
sets of data that were analysed. While the mean levels of total
THMs in the water utility samples (1994–95 data) and
exposure assessment study data collected during the summer
months were similar (83.5 mg/l and 80.24 mg/l, respectively),
larger differences in THM levels were apparent for samples
collected during spring (53.0 versus 75.78 mg/l), autumn
(49.9 versus 60.2 mg/l), and winter (38.7 versus 60.3 mg/l).
However, it is difficult to make direct comparisons because
the seasonal effect was evaluated using seven months of data
in the exposure assessment study and averaged over a full
two year period in the monitoring data collected quarterly by
the water utility. While differences in THM levels for any
given season from year to year were not formally evaluated,
seasonal levels in the routine monitoring data appeared to
fluctuate over the five year period (data not shown).
Likewise, annual total THM levels varied with values of
54.3, 64.3, 56.3, 47.6, and 66.0 mg/l for 1991 to 1995. While
these results contrast the findings reported in a five year
study23 conducted in the northwest of England in which
yearly mean levels showed little variation, the earlier
investigation relied on many more measurements of THMs
in water samples collected in 288 water zones supplied by
different distribution systems.

Partitioning the total variation in exposure into separate
components24 allows discrimination between inter- and intra-
individual differences in exposure as well as evaluation of the
magnitude of their relative effects. While such methods have
been extensively applied in the occupational arena to both
air14 and biological15 monitoring data, much less work has
focused on investigations of similar variation in environ-
mental contaminants irrespective of the type of samples
collected.16 17 25 26 In evaluating variability in levels of total
THMs collected in the exposure assessment study of
disinfection by-products in tap water, a substantial propor-
tion of the variation (61%) was attributable to differences
across residences as compared to variation over time (within

a season). While these results suggest a moderate degree of
variation in THM levels from month to month, repeated
measurements within each seasonal period were limited and
based on only seven months of data. Thus, future studies
should sample more frequently to ensure that the full range
of exposures is reflected in the data that are collected.

Equivocal findings regarding the relative magnitude of the
intra- and inter-household sources of variation could have
arisen because differences in the objectives of each monitor-
ing programme dictated differences in the strategies
employed to select locations for sampling and in the time
periods over which the data were collected. In contrast to the
results obtained with the exposure assessment study data,
the variation in THM levels among locations was small
relative to that occurring between sampling periods in the
data collected by the water utility. Similar results were
observed when the routine monitoring data were restricted to
the same years in which the exposure assessment study data
were collected. Because different sampling strategies were
used to collect the different sets of data, the intra-household
source of variation reflects year to year differences in THM
levels within seasonal periods for the routine monitoring data
and month to month differences within seasons of the same
year for the exposure assessment study data. Thus, the water
utility samples would be expected to exhibit greater temporal
variability within seasons, which they did. Diurnal variation
may have contributed to the intra-household source of
variation in levels of disinfection by-products,7 but it was
not possible to evaluate the magnitude of this component of
variation in the data that were collected.

With respect to spatial variability, the locations sampled for
the exposure assessment study data set were chosen to
capture differences across the distribution system. In
contrast, only one of the water utility’s sampling sites, in
accordance with the US EPA’s compliance monitoring
requirements,27 28 was selected at a remote location, and
three of the other sites were selected to have average
residence times and presumably similar THM levels. To the
extent that our results reflect routine monitoring data, in
general, choosing a small number of sites in this manner fails
to represent the magnitude of spatial variability in levels of
disinfection by-products across the distribution system and
raises concerns regarding the utility of using such data in
assigning exposure for epidemiological studies, particularly
those associated with short term exposure events such as
potential adverse reproductive and developmental health
outcomes. However, in accordance with anticipated new
regulatory requirements in the United States,29 municipalities
will soon be monitoring every two months at eight locations
over a 12 month period as part of an initial distribution

Table 3 Seasonal effects and inter- and intra-household variation in (natural log transformed) levels of disinfection by-
products in tap water (mg/l) from two different data sources

Seasonal effect� [ (SE)]
Inter-household
variation ( )

% of total
variation`

Intra-household
variation ( )

% of total
variation`Autumn Winter Spring

Exposure assessment study (1994–95) (n = 107)
Total trihalomethanes 20.057 (0.048) 20.285*(0.039) 20.287* (0.048) 0.041 61 0.027 39
Routine monitoring data (1994–95) (n = 40)
Total trihalomethanes 20.349*(0.095) 20.632* (0.095) 20.332* (0.095) 0.013 22 0.045 78
Routine monitoring data (1991–95) (n = 100)
Total trihalomethanes 20.511*(0.053) 20.765* (0.053) 20.451* (0.053) 0.012 26 0.036 74
Chloroform 20.557* (0.060) 20.806* (0.060) 20.495* (0.060) 0.011 20 0.045 80
Bromodichloromethane 20.305* (0.060) 20.635* (0.060) 20.262* (0.060) 0.016 26 0.045 74
Dibromochloromethane 20.081 (0.126) 20.319* (0.126) 20.050 (0.126) 0.003 2 0.197 98

�Summer: referent category.
`Estimated total variation:
*p,0.05.
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system evaluation. These monitoring data may prove to be
more informative in the future regarding variability in THM
exposure in drinking water, particularly if coupled to
additional sampling campaigns that would allow the full
range of exposures (temporally and spatially) to be evaluated.

Partitioning of variability allows inferences to be made
regarding the relative influences on exposure of factors
related to the distribution system, macro- and micro-
environmental conditions, treatment characteristics, and
errors in sampling and analysis. Such information facilitates
the design of efficient sampling strategies. For example, our
results for THMs indicate that variation from month to
month is more influential than errors associated with
sampling and analysis (table 4). As such, in the face of
limited resources, a sampling strategy that collected greater
numbers of quality assured measurements over time with
fewer replicates collected at each sampling location would be
more efficient and would likely yield improved estimates of
(household) exposure.

It is important to note, however, that the relative influence
of important sources of variation depends on the interval over
which inferences are to be drawn. On the one hand, for
example, if average annual exposures were of primary
interest as they are in relation to chronic exposure associated
with carcinogenesis, then the variation in disinfection by-
products would be more appropriately modelled without a
seasonal component. On the other hand, for reproductive
effects that likely manifest themselves during the first three
months of pregnancy, modelling approaches that rely on
traditional seasonal classifications may not provide enough
resolution in assessing exposure and, instead, may have to be
refined to reflect the actual periods in which the critical
exposure is received.

The implications of exposure variability on epidemiological
studies also depend on whether an individually or group
based exposure assessment strategy is adopted. As noted
earlier, random variation in exposure over time induces error
and, under certain modelling assumptions, operates to
attenuate measures of effect.18 The variability inherent in
group based strategies in which, for example, the average
THM level of a water distribution system over a specified
period of time might be assigned to all individuals served by
that system induces a different type of error (referred to as
Berkson error), which tends to increase the imprecision of
measures of effect and thereby decrease power rather than to
bias results.30 While it was beyond the scope of the current
investigation to make comparisons to other distribution
systems, a previous study23 that relied on THM data routinely
collected for compliance purposes by water companies in the
United Kingdom from 1992 to 1996 reported that most of the
variability was due to differences between water zones rather
than within zones. It is important to note, however, that the
sampling strategies employed by water municipalities in the
UK and the USA are not the same in that THM concentra-
tions are measured in samples from randomly selected taps in
each water zone in the UK, whereas water samples are

collected from the same locations (chosen on the basis of
their expected residence times) in a single distribution
system in the USA. Such differences have implications for
the structure of the multilevel models that the data support
and the components of variability that the (different) models
represent. Further research is needed to determine the
pattern of variability in disinfection by-product levels
between and within distribution systems, as well as to
evaluate whether one source of variation appears to
predominate for specific geographic locations or periods of
calendar time.

In conclusion, more sophisticated strategies to evaluate
exposures to chlorinated by-products in drinking water will
depend on improved measures that account for variability in
contaminant levels in tap water, as well as differences in
water intake and personal water-use activities. Indeed, the
methods used to examine intra- and inter-household varia-
tion in THM levels are applicable to examining intra- and
inter-individual variability in water consumption and water
related activities.31 While there has been some suggestion in
the literature that variability in tap water THM levels may
play a larger role than behavioural characteristics (for
example, showering duration) in determining individual
exposure,32 the relative influence of variation in water
concentration and in patterns of water consumption and
water use on individual exposure warrants further investiga-
tion.
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