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This paper analyzes data collected as part of two types of radon surveys of U.S. homes—the National
Residential Radon Survey (NRRS) and the U.S. Environmental Protection Agency (EPA)/State
Residential Radon Surveys (SRRS)-to determine the distribution of annual-average, living-area
radon concentrations for ground-contact homes in the northern U.S. A statistical model is used to
link the short-term SRRS measurement in each home with the home’s annual-average, living-area
radon concentration, although in no case are both a short- and long-term measurement available for
the same home. This paper shows that, even though an individual short-term winter measurement
from the SRRS is a poor predictor of the home's annual-average, living-area radon concentration,
an aggregation of such measurements can be used, after adjusting for bias, to characterize the
distribution of annual-average, living-area concentrations as determined by the NRRS. Different
types of homes require different adjustment equations. This paper presents the adjustment equations
and uses them to estimate parameters describing annual-average, living-area concentration
distributions. Model approximations and validation are briefly discussed. The methods presented
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here could be applied to calibrate other radon data sets. Copyright ©1996 Elsevier Science Ltd

INTRODUCTION

Residential radon measurements are commonly made
following a variety of protocols. The most frequently
used protocol in the U.S. has been the ‘screening’
measurement; a short-term (2-7 d) charcoal-canister
measurement made on the lowest level of the home.
Such measurements are often made by potential home
buyers in an attempt to evaluate whether a particular
home might have a radon ‘problem’, and by home-
owners desiring a rapid evaluation of radon levels in
their home. Winter-season screening measurements
were also used in the U.S. Environmental Protection
Agency (EPA)/State Residential Radon Surveys
(SRRS), which were conducted with guidance from the
U.S. EPA in many states of the U.S.
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A radon measure that is far less common, but is
believed to be much better for evaluating actual radon
risk, is a 12-month integrated measurement of the radon
concentration, averaged over living areas of the home
(‘annual-average, living-area radon concentration’).
Alpha-track radon monitors, placed on every level of the
home that is used as living space, can be used to esti-
mate a living-area average concentration that is not
subject to the biases and effects of day-to-day and sea-
sonal variation that affect screening measurements.

In this paper, a description of a joint analysis of two
sets of radon data is provided: data from the National
Residential Radon Survey (NRRS), and data from the
SRRS. Descriptions of these surveys can be found in the
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references (Wirth et al. 1992; Alexander et al. 1993;
Marcinowski et al. 1994). The present analysis was
performed so as to address several issues:

1) To what extent can the SRRS measurements be used
to predict the distribution of annual-average, living-area
radon concentrations in different counties or regions?
The ability to use SRRS measurements to predict distri-
butions of annual-average, living-area radon concen-
trations within areas would facilitate identification of
areas likely to contain large numbers of high radon
homes.

2) What conversion procedure should be used to convert
from short-term (SRRS) measurements to long-term,
living-area average concentrations, such as those de-
termined in the NRRS? Previous work by other
researchers (Ronca-Battista and Chiles 1990; White et
al. 1990; Klotz et al. 1993) has addressed the issue of
the relationship between short- and long-term con-
centration measurements in homes, but such work has
not fully investigated the effects of variables such as the
presence or absence of basements, nor has it provided
different relationships for different regions.

3) What estimates of parameters of interest—fraction of
homes with annual-average, living-area concentrations
over 150 Bqm (4 pCi/L), geometric mean (GM) radon
concentrations by region, by state, and so on-are
obtained from the joint analysis, and how much more
precise are these values than those obtained from the
NRRS alone?

Data from the NRRS are of high quality, in the sense
that reported indoor radon concentrations are believed
to closely reflect the actual, annual-average radon con-
centrations for each home. However, the NRRS sam-
pled only 125 counties in the U.S., most of which had
a relatively high population. This sparse and geo-
graphically uneven sampling is due to the goals of the
initial design: the primary goal was to obtain a precise
description of the radon exposure distribution of the
U.S. population as a whole. Characterization of radon
distributions within different regions or smaller areas
was accorded a much lower priority.

The SRRS data set contains over 50 000 observations
in 41 of the 50 states of the U.S., offering far greater
geographic coverage than does the NRRS. In contrast to
the NRRS, monitoring data from the SRRS are low
quality screening measurements: short-term (a few
days), winter charcoal-canister measurements, usually in
the basement, if there was one. For any individual
home, such a measurement is poorly correlated with the
annual-average, living-area radon concentration of the
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home. Homes with the same annual-average, living-area
concentrations frequently have screening measurements
that differ by a factor of two or more (White et al.
1990). There are many reasons for this poor correlation,
including temporal variation due to weather conditions
and other factors, variation between basement radon
concentrations and concentrations on higher floors, and
the fact that in some homes the basement is a living area
of the home (so that basement concentrations con-
tribute directly to living-area averages), while in other
homes the basement is not a living area. Although an
individual SRRS measurement is a poor indicator of the
home’s annual-average, living-area radon concentration,
this paper demonstrates that the SRRS data can be
calibrated in such a way as to determine the statistical
distribution of annual-average, living-area radon con-
centrations.

The relationship between the NRRS and the SRRS
radon concentration measurements in the northern U.S.,
east of the Dakotas, is discussed here. These states are
divided into four regions: _

1) New England: Connecticut (CT), Massachusetts
(MA), Maine (ME), Rhode Island (RI), and Vermont
(VD).

2) Mid-Atlantic: Maryland (MD), Pennsylvania (PA),
Virginia (VA), and West Virginia (WV).
3)GreatLakes:Illinois(IL), Indiana(IN),Michigan(MI),
Minnesota (MN), Ohio (OH), and Wisconsin (W1).

4) Central Plains: Iowa (IA), Kansas (KS), Missouri
(MO), and Nebraska (NE).

Although they are in the northern U.S., the states of
New York, New Hampshire, New Jersey, and Delaware
are excluded, as they did not participate in the SRRS.
The states included in the present analysis are shown in
Fig. 1, which also shows the counties that were selected
for the NRRS. Except for the states that were excluded
due to non-participation in the SRRS, these regions
correspond with regions defined by the U.S. EPA for
use in characterizing radon distributions.

THE DATA

Nero et al. (1986) noted that the distribution of radon
concentration measurements in much of the U.S. is
approximately lognormal. For most counties with a
large number of observations in the SRRS, the geo-
metric standard deviation (GSD) of the observations in
the county falls somewhere between 2.1 and 3.0. Since
the within-county variation is so large, approximately 20
to 30 observations are needed in order to characterize
the GM (or the GSD) within 20%.
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Fig. 1. Maps indicating the states included in the present analysis. The small map shows the states, the larger map shows the counties
within those states. The larger map is an equal-area projection. Counties that were sampled in the NRRS are darkened. Almost all of the
counties shown were sampled in the SRRS.
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Fig. 2. Plot showing the GM of the annual-average, living-area radon
measurements in the NRRS survey versus the GM of the SRRS
measurements, by county. Only NRRS counties with more than 15

observations in the SRRS are shown, to avoid cluttering the plot.

Figure 2 shows the observed NRRS and SRRS GM
radon concentrations for counties in the northern U.S.
that were included in the NRRS. To reduce noise on the
plot, only the 47 counties that have more than 15 ob-
servations in the SRRS data set are shown. However, all
59 NRRS counties in the regions, and all 1257 SRRS
counties in the regions, were included in the full
analysis described in the present paper.

The NRRS GM shown is the GM of annual-average,
living-area concentration measurements for ground-
contact homes. Error bars indicate one standard error in
the mean. To calculate the size of the error bars, it is
assumed that the observations are independent,
identically-distributed selections from a lognormal
distribution with a GSD equal to the observed county
GSD. Note that in all but one of the counties, the SRRS
GM is greater than the NRRS GM-frequently much
greater. This plot does not seem encouraging from the
perspective of making reliable predictions of annual-
average, living-area distributions by county based on
SRRS data; indeed, if the four or five counties with the
highest NRRS GM were removed from this plot, one
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might conclude that there is no significant relationship
at all.

However, the superficial impression that there is little
relationship between the two data sets is erroneous. As
will be shown, after applying correction factors for
different types of homes in different regions of the
country, the SRRS data from a county can be used to
predict the NRRS GM of the county fairly accurately.
This becomes possible when one takes into account that
the relationship between the screening measurement and
the annual-average, living-area measurement depends
on several factors. For example, the refationship varies
from region- to-region, and depends on the type of
house (basement vs. non-basement), and on whether the
screening measurement was made in an unfinished
basement. As a result, if a large number of SRRS
observations are available for a county, they can be used
to predict the GM of NRRS observations in the county
fairly accurately. This is true in spite of the fact that any
individual screening measurement is not very useful for
determining the annual-average, living-area concentra-
tion in a home. In essence, each short-term measurement
can be adjusted for systematic seasonal and housing-
type effects to yield a predicted living area concen-
tration that is subject to a great deal of random ‘noise’
due to temporal variability, detector errors, and so on. In
aggregating many short-term predictions, these non-
systematic errors tend to cancel out, yielding a valid
estimate of the GM of annual-average concentrations.

In the sections that follow, a joint analysis of both
data sets, the NRRS and the SRRS, is presented and
discussed. The results of the analysis include estimates
of parameters describing the distribution of annual-
average, living-area radon concentrations in various
parts of the country. These estimates apply only to
homes included in the SRRS sampling frame: owner-
occupied homes in which the lowest floor is in contact
with the ground or with a crawlspace that is at ground
level. The vast majority of such homes are single-family
homes.

THE STATISTICAL MODEL

Computationally (and perhaps conceptually), the
easiest ways to model the relationship between the
SRRS and the NRRS data sets would be based on direct
comparisons of the county GMs and GSDs. For ex-
ample, regressions of NRRS GMs on SRRS GMs, per-
haps including some aggregated explanatory variables
(such as, fraction of homes in the county that have
basements, and so on), could be performed.
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Unfortunately, simple models created on the ag-
gregate level are inadequate for these purposes, for
several reasons. First, the regression coefficients ob-
tained through a conventional linear regression, as
suggested above, are influenced by the size of the sta-
tistical errors (due to small sample sizes in the present
case) on the x-axis, a phenomenon known as the ‘re-
gression effect’ (Freedman et al. 1973; Price 1995). As
a result, extracting the true, underlying relationship
would require additional modeling.

Secondly, aggregating makes it difficult to construct
a statistical model for the relationship between measure-
ments in different types of homes. For example, con-
sider Chester County, PA. The NRRS included 45
homes from this county, of which 31 had basements.
The basement was a living area in 18 of these homes.
The SRRS included 34 homes from Chester County,
and the SRRS measurement was made in the basement
in 29 of them, although in 21 of these homes the base-
ment was not a living area. How should these facts be
taken into account in modeling the relationship between
the two types of data? Including such information is
difficult in an aggregated model, but is relatively
straightforward when the statistical model is constructed
at the individual-house level, as shall be seen.

Thirdly, analysis at the aggregated level can lead to
severe overfitting of the models. For example, the
NRRS included only seven counties from the Central
Plains states, so including even a few explanatory vari-
ables in a linear regression to predict county GMs would
be problematic. Attempting to solve this problem by
modeling all of the regions together would be unsatis-
factory, since one would then be required to assume that
the same relationship between the SRRS and the NRRS
data prevails over the entire northern U.S.

Finally, fitting of parameters describing aggregated
data yields results that are highly sensitive to slight
differences between reality and the model being fit.
For example, even if there were a good method for
fitting county GMs and GSDs, the accuracy of the
estimates of the fraction of homes with annual-average,
living-area concentrations over 370 Bq m™ (10 pCi/L)
would depend strongly on whether the within-county
variation really is lognormal. The details of the dis-
tribution of actual observations are obviously not pre-
served when the distribution is summarized by two
parameters.

For the reasons listed above, the statistical model is
constructed at the individual-house level. Each home is
assumed to have a true annual-average, living-area con-
centration which is determined by a combination of



Radon monitoring data from northern U.S.

factors, which are used as explanatory variables in the
model: the county the home is in, whether the home has
a basement, whether the basement is used as living
space, and whether the home is in a single- or multi-
family building. In addition, the presence of house-to-
house variation that is not explained by any of the
included variables is allowed.

In addition to the variables that influence annual-
average, living-area concentrations in a home, there are
several factors that influence the SRRS screening
measurement for the home:

1) The SRRS measurements were made in winter, when
indoor radon concentrations tend to be higher than in
other seasons.

2) The SRRS measurement is made on a single level of
the home, whereas the NRRS measurement is an
average of measurements from several levels.

3) The level on which the SRRS measurement is made
is often not even a living area of the home. SRRS
measurements were frequently made in unfinished
basements.

4) The SRRS measurements were very short-term (a few
days), and so are subject to substantial variation due to
short-term temporal variation in indoor radon levels.

To include (as far as possible) all of the predictive
variables available that affect the relationship between
the NRRS and the SRRS observations in a county, a
statistical model that summarizes this relationship is
constructed. The explicit mathematical description of
the model is as follows:

1) The actual value «; of the logarithm of the living-area
average concentration in home 7 in county j is assumed
to have been drawn from the following distribution:

a~N(@© +X, -B,0% 1)

where,

N(a,b?) indicates a normal distribution with mean a and
variance b°;

6. is the ‘county effect’ for county j;

X, is a vector of explanatory variables for the home;
B is a vector of coefficients corresponding to the
explanatory variables in X;; and,

o is the same for all homes.

The variables included in the X matrix were indicator
(dummy) variables indicating the following: the state of
the U.S. in which the measurement was made; whether
the home has a basement that is used as living space, a
basement that is not used as living space, or does not
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have a basement; and whether the home is in a single-
family or multi-family building.

2) In the NRRS homes, y,, the natural logarithm of the
living-area average concentration measurement, is
assumed equal to ¢, the logarithm of the actual living-
area concentration. This assumption, that there is no
measurement error in the NRRS, is an approximation
made for convenience of analysis. The NRRS ‘mean
over living areas’ measurement in a home is an average
of (usually several) alpha-track radon measurements,
each of which is subject to error of about 8 to 20%
(Lucas et al. 1992). The mean of several such measure-
ments is, therefore, subject to error on the order of 5 to
15%. In this analysis, the presence of such error is
ignored. Strictly speaking, the authors predict the dis-
tribution of the NRRS measurements for different
regions and types of homes, and, in the text, refer to the
NRRS measurements as if they represent the true
concentration in the monitored homes.

3) In the SRRS homes y;, the logarithm of the reported
radon concentration measurement, is drawn from the
following distribution:

Y,~N(e,+T,p,8% @)

where,

I'; is a vector of explanatory variables;

p is a set of coefficients corresponding to the variables
inI'; and,

0 is the same for all homes.

The matrix I includes dummy variables indicating the
following: whether the home has no basement, has a
living-area basement and was monitored in the base-
ment, has a basement that is not a living area and was
monitored in the basement, or has a basement that was
monitored on the first floor. Note that I" does not use the
same variables as X. For example, whether or not the
SRRS measurement was made on the first floor of a
home, as opposed to the basement, may have only minor
utility in predicting the annual-average, living-area
concentration in the home, but certainly does influence
the SRRS measurement in the home. Thus, the floor on
which the SRRS measurement was performed is
identified in T, but not in X. The dot product I,-p is

a conversion constant (which, when exponentiated,
yields a conversion factor) for house i. The use of
explanatory variables allows different conversion factors
to be used in different types of homes (with, and
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without, basements, for example). The full prediction of
annual-average concentration from the SRRS mea-
surement involves, not only the conversion factor, but
also the variance estimates, as discussed below.

4) The county effects, {8}, are assumed to be drawn
from a normal distribution, with variance 72 which is
estimated from the data. Recall that the model is con-
structed in log space, and that the assumption of nor-
mality of the county effects in log space is equivalent to
assuming that the county effects are lognormally distri-
buted in untransformed space. The assumption that the
county effects are drawn from a common distribution
helps to prevent overfitting of the model. For example,
consider a county with only a single SRRS observation,
and suppose this observation is much higher than is
typical for similar types of homes in the rest of the
state. In such a case, it would be possible to fit this
home's measurement exactly (i.e., to make the pre-
dicted value equal to the observed value) by choosing
the appropriate county effect. Such a procedure would
allow the data to fit well, but would probably not be
a very good reflection of reality (nor lead to helpful
inference in counties in which fewer data are avail-
able), since, in fact, there are several ways the very
high measurement could have occurred: the county ef-
fect may be high, the home might have a higher in-
door radon concentration than typical homes in the
county, or the measurement might have been made in
a time period when the radon concentration in that
home was particularly high. The present model ac-
counts for the relative likelihoods of these different
possibilities.

5) Each of the individual coefficients in {#} and {p} is
assumed to be constant within a region. The sparse
spatial coverage of the NRRS does not permit exa-
mination of spatial variation of coefficients on the scale
of individual states (many states had only one or two
counties in the NRRS), so there is little point in at-
tempting to model coefficient variation on a scale smal-
ler than a region.

Implementation of the model requires that the set
of county effects { @}, the sets of coefficients {£} and
{p}, and the variance components ¢ 62, and 2 are
estimated.

Unfortunately, there is no direct way to obtain esti-
mates for the coefficients {p} or for the variance 6 2:
since there are no SRRS and NRRS measurements in
the same homes, there is no way to do a regression of ¢,
on ¥, However, modification of the model to rectify this
problem is not as difficult as it might appear. The SRRS
measurements are modeled with
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Y,~N@®,+G B, o)), 3)
where,
G; = a vector of explanatory variables from the SRRS
dataset;

B’ = a vector of coefficients associated with those vari
ables; and,
6 = same county effect as in Eq. 1.

Variables included in G; are the following: all of the
variables in I, as well as dummy variables indicating the
state in which the home is located and whether the home
is in a single- or multi-family building. The model then
implies that oi° = o>+ 62 and that T,p=G-B/+X,B.
Specifically, the NRRS data allow one to estimate the
coefficients {5} that describe the influence of housing
type on the annual-average, living-area concentrations,
while the SRRS data allow one to estimate the coef-
ficients { B’ } that describe the influence of housing type
on the SRRS concentration measurements. Taking the
difference p’-p for the appropriate coefficients allows
one to estimate the ‘conversion constants’ {p} for the
various types of homes.

The result gives two ways to predict the annual-
average, living-area radon concentration in each SRRS
home: the predicted annual-average, living-area con-
centration given by Eq. 1, or one obtained by applying
the conversion constant to the SRRS measurement. The
authors wish to generate a final prediction from the
weighted average of these two predictions, with the
weightings given by 1/0? and 1/82 respectively, so that
the predicted logarithm of the annual-average, living-
area concentration in home i from county J is:

(v,~T,p)/ 8 +(8,x,B)/ 0*

afred - (4)

1/6%*+1/0°

Use of this weighted average has the effect of ad-
justing for the larger variance of the SRRS observations
compared to the NRRS observations in the same county,
as well as giving a more precise estimate for each home.
The variance v of true annual-average, living-area con-
centrations about the predicted values is given by

1/v?=1/0*+ 1/6%. 5)
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Unfortunately, the true values of the regression co-
efficients, the conversion constants{p}, the county
effects {6}, and the variances 62 and o2, are all un-
known. However, they can all be estimated from the
data through a linear mixed effects regression of the log-
arithm of the observed SRRS and NRRS radon con-
centrations on all of the explanatory variables. For an
excellent introduction and discussion of mixed effects
regressions, see Gelman et al. (1995). For an application
to radon monitoring data, see Price et al. (1995). The
random effects regression generates many different sets
of estimates for all of these parameters, with the
variation in each parameter estimate reflecting the
uncertainty in the value of the parameter. Generally
speaking, the regression coefficients {8} and { B’} are
fairly well estimated (i.e., have fairly low uncertainties),
while the county effects { &} are highly uncertain due to
small sample sizes in most counties. For each set of
parameter predictions, a prediction and uncertainty of
the annual-average, living-area radon concentration is
generated for each SRRS home, which is used to predict
distributional parameters such as the GM, GSD, etc.
The distribution of predicted values then includes the
uncertainty due to the uncertainty in the underlying
parameters.

Note that the relationship between o’ and y, in Eq.
4 is linear and has a slope of 1/(1+6%/0?), which is less
than unity. Transforming back from log space, this
corresponds to a nonlinear relationship between the
measured short-term concentration and the annual-
average, living-area concentration. Such a nonlinear
relationship has been found in previous studies (Ronca-
Battista and Chiles 1990; White et al. 1990, Klotz et al.
1993) that investigated the relationship between long-
and short-term measurements. For a discussion of one
of the reasons behind this nonlinear relationship, see
Price (1995).

Parameters that must be estimated for this model
include all of the regression coefficients, as well as
variance estimates for the house-to-house variation in
radon levels, variance estimates for the county-to-county
variation in radon levels, predicted county effects, and
the measurement errors in the SRRS. It is assumed that
the regression coefficients and variances are the same
throughout a region.

RESULTS

Results of the analysis include estimates of the coef-
ficients and variance components in the model, as well
as estimates of distributional parameters (GM, GSD,
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AM, etc.) concerning the distribution of annual-average,
living-area concentrations within each state and within
each region.

Coefficient estimates for the regression coefficients
other than the county effects are presented in Table 1.
Recall that the regression was performed in log space,
and the coefficients thus represent the effect of each
variable on the logarithm of the response. In addition to
the coefficients and variances shown in the table, the
model produced an estimate (with uncertainty) for every
county for which at least one home was sampled in the
SRRS. These county effect estimates are not shown, but
they are approximately normally distributed (in log
space) with the variance 2 given in Table 1.

The coefficients in Table 1 show the average effect of
various housing characteristics on measured radon
concentrations relative to single-family non-basement
NRRS homes. For example, the natural logarithm of the
SRRS radon measurement in a New England home with
a living-area basement is on average 1.14 higher than
the logarithm of the NRRS annual-average, living-area
measurement in a non-basement home in the same
county.

The variance components are interpreted as follows:
the SRRS and NRRS variances are estimates of the
variation of the observations about the predicted radon
levels for homes in the two surveys. The prediction is
based on both the housing characteristics and the
estimated ‘county effect’, which allows some counties
to have generally higher or lower radon levels than other
counties. Note that, in all regions, the SRRS variance is
higher than the NRRS variance. This is probably due
primarily to the fact that the SRRS observations are
subject to temporal variation—any individual home may
have been measured over a relatively high- or low-radon
period. Recall that the analysis was performed on log-
arithmically transformed values: for example, the pre-
dicted logarithm of the observed SRRS radon concen-
tration typically varies from the observed value by about
+y/0.92 =+0.96 in New England, corresponding to a
multiplicative error of the untransformed values of exp
(0.96)=2.61. So, in New England, given the county in
which the observation was made, and information about
whether the home has a basement that is a living area,
the home’s SRRS observed radon concentration can be
predicted only to within a factor of about 2.6. Similarly,
the home’s NRRS mean over living areas can be
predicted to within a factor of about 2.3. As noted, in
the model, it is assumed that the NRRS observation is
made without error, so that it represents the home’s true
mean over living areas; however, it is assumed that the
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Table 1. Coefficient and variance component estimates (in log space) for owner-occupied, ground-contact homes in the northern U.S. The
notations ‘bmt, liv’ and ‘bmt, nonliv’ indicate the effect associated with basements that are and are not living areas, respectively. The notation
‘bmt, meas 1st’ indicates the effect associated with performing an SRRS measurement on the first floor, in a home that has a basement. In
addition to the coefficients shown below, the model estimates a ‘county effect’ for each of the 1257 SRRS counties included in the analysis.

Coefficient New England Mid-Atlantic Great Lakes Central Plains
CT 2.92

MA 323

ME 3.03

RI 3.09

VT 2.96

MD 2.50

PA 3.59

VA 3.05

WV 3.19

IL 3.82

IN 3.92

MI 3.31

MN 4.29

OH 3.92

WI 3.82

KS 4.51
1A 3.71
MO 3.27
NE 3.89
multi-family -0.03 -0.34 -0.33 -0.22
SRRS

no bmt 0.77 0.47 0.15 0.39
bmt, liv 1.14 1.32 0.74 1.02
bmt, nonliv 1.33 1.40 0.80 1.08
bmt, meas 1st 0.60 0.64 0.24 0.40
NRRS

no bmt 0.00 0.00 0.00 0.00
bmt, liv 0.63 0.84 0.30 0.51
bmt, nonliv 0.08 0.38 0.00 -0.03
variance

SRRS (%) 0.92 1.01 0.77 0.65
NRRS (0%) 0.72 0.74 0.66 0.54
btwn cnty (1) 0.07 0.23 0.16 0.17

SRRS observation in a home is subject to both bias
(requiring multiplication by a correction factor) and
measurement error.

From the different variance estimates, the measure-
ment error in the SRRS can be estimated: the SRRS
variance is assumed to be equal to the true (NRRS)
variance plus the error variance. This implies, for ex-
ample, that in the New England region the error
variance is about 62 = 0.92 -0.72 = 0.20, so that in log
space the additive errors are about i\/ﬁ =10.45,
corresponding to a multiplicative error of about exp
(0.45) = 1.56. If a set of similar homes (e.g., single-
family homes without basements) from New England
that have the same annual-average, living-area concen-

tration were examined, one would expect the SRRS
measurements for such homes to vary by a factor (one
standard error) of about 1.56 in either direction.

As discussed above, two types of predictions are
combined to obtain a final prediction for each home: the
regression prediction of the home’s annual-average,
living-area concentration, and the prediction provided
by the corrected SRRS measurement. This final pre-
diction is still quite uncertain for an individual home.
However, as previously noted, in a sufficiently large
sample of SRRS homes, the non-systematic errors will
tend to cancel out. Thus, a collection of SRRS observa-
tions can be used to predict, for example, the GM of
annual-average, living-area concentrations for the
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Table 2. Estimated factors for converting from NRRS to SRRS GM, for three classes of homes in the northern U.S.: those with no
basement, with a living-area basement, and with a basement that is not used as living space.

Type of home New England Mid-Atlantic Great Lakes Central Plains
no basement 22 1.6 1.2 1.5
living-area bmt 1.7 1.6 1.6 1.7
non-living-area bmt 34 2.8 2.2 3.1

homes, although the value for any individual home will
be quite uncertain.

The ‘between county’ variance component provides
an estimate of the variation in county effects within a
state. The county effects account for the variation in
radon levels that is not explained by differences in
housing types in different counties, and that is not due
to sampling statistics or variation at the individual-house
level. Presumably, most such variation is due to geo-
logic factors. In New England, there is little unexplained
between-county variation: in log space, additive county
effects are about +v0.07 =+0.26, corresponding to
multiplication or division by a factor of 1.3. In other
regions, there is more between-county variability that is
not accounted for by housing factors or sampling noise.
One reason for the low between-county variability in
New England is probably the small spatial size of the
New England states, which one would naturally expect
to be associated with less variation between counties
than would occur in larger states.

It might be recalled that the model assumed that the
same regression coefficients and variance coefficients
are applicable throughout a region, an approximation
that is surely something of an oversimplification.
Fortunately, mild spatial variation in the appropriate
regression factor does not seriously affect the validity of
the estimated distributional parameters for the region as
awhole. In essence, the regression coefficients are those
that are applicable for the ‘average’ home in the region.
A particular regression coefficient will be higher than
the true value in some of the states in a region, and
lower in others, but for a random selection of homes
drawn from the region as a whole, the coefficients (and
the variation of true values about the predicted values)
will be correctly determined by the model. However,
applying the model to a non-random subset of homes
from the region can lead to problems. For instance, it is
possible that the estimates for basement homes in the
state of MD will tend to be too high, while estimates for
basement homes in PA may be too low, and so on. In

practice, such errors are found to be fairly small, as
discussed later.

The magnitude of the difference between regression
coefficients for similar homes in the NRRS and SRRS
can be exponentiated to determine ‘conversion factors’
for removing bias in the SRRS observations to yield
unbiased predictions of NRRS annual-average, living-
area concentrations. For any single home, the prediction
from such a procedure is extremely uncertain: the
estimate of exp(J) is 1.39 for the Great Lakes and Central
Plains regions, 1.56 for New England, and 1.68 for the
Mid-Atlantic. However, given a random selection of
homes for the region, the over- and under-estimates for
different homes tend to cancel out, so that the GM of the
predicted annual-average, living-area concentrations
approaches the true GM as the number of homes in-
creases. In Table 2, conversion factors for various types of
homes are presented, and for different regions of the
northeastern U.S. These represent the factor by which
the NNRS GM must be multiplied to predict the SSRS
GM—of course division goes to either direction. The
standard errors in the conversion factors are about 4% to
8% for homes with basements, which are common in the
northeastern U.S., and are, thus, well represented in the
database, and about 13% for homes without basements.
However, it should be noted that the standard error
estimates alone do not reflect the full uncertainty in these
parameters, since they are conditional on the model. If
the statistical model that has been applied were exactly
correct, the uncertainties would be those given by the
standard error estimates, but there is additional uncer-
tainty due to differences between the model and reality.

The between-region variation in regression coef-
ficients gives a rough impression of the within-region
variation. For example, if adjacent regions have very
different estimates, then what about the appropriate
conversion factor for border states? In the present case,
the estimates for most of the adjacent regions are not
extremely different, although there is a fairly substantial
difference for homes with basements that are not living
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areas in the Great Lakes region compared to the Central
Plains region. For that particular type of home, it is not
exactly clear what the conversion factor should be for
homes in, for example, eastern 1A or western IL.
However, given the uncertainties in the conversion
factors, the agreement in the estimates for the different
regions is surprisingly good overall. Indeed, the re-
markable agreement of conversion factors for living-
area basements is surely partly coincidental, since one
expects more variation on statistical grounds alone, even
if the true conversion factors were identical. The esti-
mated conversion factors for Great Lakes homes are
lower for both non-basement and living-area-basement
homes than in the adjacent Mid-Atlantic and Central
Plains regions, but not by a large margin compared to
the standard errors in the estimates. Although there is
evidence of moderate between-region variation, the
variation is not so large as to discredit the approxi-
mation that the factors are constant within a region.
To estimate distributional parameters for the annual-
average, living-area concentrations in the various re-
gions, the following method is used:
1) Use the mixed effects regression method (Gelman et
al. 1995; Price et al. 1995) to generate distributions of
likely values for the variance components, regression
coefficients, and county effects;
2) Sample from the distribution determined in step 1 to
obtain a particular ‘possible’ set of variances, regression
coefficients, and county effect estimates;
3) Use the results from step 2 in Eq. 4 to generate a
predicted annual-average, living-area concentration for
every SRRS home;
4) Sample from the predictions in step 3, with variance
v? determined from Eq. 5, to generate a predicted dis-
tribution of annual-average, living-area concentrations
for the SRRS homes;
5) Calculate the GM, GSD, arithmetic mean (AM), and
fraction of homes over 150 Bq m™ and over 370 Bqm™
for the predicted distribution, using the sampling weight
reported in the SRRS data set to weight the measure-
ment in each home;
6) Repeat steps 1-5 until an adequate number (i.e., 200)
of simulations has been completed to incorporate the
uncertainties in the variances, regression coefficients,
and county effects;
7) Find the mean and standard deviation of the 200
predictions for each distributional parameter. These re-
present the prediction and uncertainty in the parameter.
Although estimates of fractions of homes in the
extreme tails are somewhat sensitive to the assumptions
of the model, the overall distributional parameters are
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much less sensitive. In Table 3, estimated parameters
describing the distribution of annual-average, living-
area concentrations in various regions are presented.
These parameter estimates apply only to homes included
in the SRRS data frame: owner-occupied homes in
contact with the ground. In addition to the parameter
estimates themselves, the analysis generates distribu-
tions of likely parameter values. To summarize the un-
certainties in the parameter values, standard errors in the
estimates under the approximation that the possible
values are normally distributed were determined. The
standard errors determined from the model are about
+ 2 Bqm™ for the GM and the AM, and about + 0.1 for
the GSD. The standard error in the fraction of homes
with annual-average, living-area concentrations over
150 Bq m™ is about 1 percentage point, and for homes
over 370 Bq m, it is about 0.2 percentage points.

The main source of uncertainty in the fraction of
homes with annual-average, living-area concentrations
over 150 Bq m® and over 370 Bq m™ from the NRRS
data alone is the ‘noise’ due to the relatively small
number of counties and the relatively small number of
high-radon homes included in the NRRS. In contrast,
the main source of statistical uncertainty in the present
analysis is the uncertainty in the values of the regression
coefficients and variance components. Even though the
SRRS certainly includes plenty of homes with annual-
average, living-area concentrations over 370 Bqm™, the
uncertainty in the conversion equations and the varia-
tion in the short-term measurements themselves are
large enough that their homes (or even their proportion
of all homes) cannot be identified with certainty. In
consequence, the stated uncertainties in Table 3 for the
fraction of homes over 150 Bq m™ and over 370 Bqm™
are only moderately smaller than the uncertainties based
on the NRRS data alone (Lucas et al. 1992).

Although the present analysis does not provide re-
gional parameter estimates that greatly improve on
those from the NRRS analysis alone, it does provide
markedly improved estimates for distributions of an-
nual-average, living-area concentrations within indivi-
dual states. The estimation of statewide distributional
parameters is essentially impossible with the NRRS
alone, since homes from only a few counties (one to
four) were sampled in most states. Table 4 shows
parameter estimates for the distribution of annual-
average, living-area radon concentrations in individual
states, grouped by region. Typical uncertainty esti-
mates for the parameter estimates are shown as well,
under the approximation that the distribution of pos-
sible values is normal.
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Table 3. Parameter estimates for distributions of annual-average, living-area radon concentrations in owner-occupied, ground-contact homes

in various regions. Uncertainty estimates (one standard error) are about + 2 Bq m™ for the GM and AM, = 1 percentage point in the fraction

of homes over 150 Bq m™, and + 0.2 percentage points in the fraction of homes over 370 Bq m. True uncertainties are larger, as discussed
in the ‘model violations’ section.

GM GSD AM % >150 % > 370
(Bqm™) (Bqm™) Bqm? Bqm?
New England 26 2.5 37 3 0.3
Mid-Atlantic 37 3.1 74 12 2.9
Great Lakes 44 2.6 70 10 1.3
Central 48 2.7 78 13 1.5

Table 4. Parameter estimates for distributions of annual-average, living-area radon concentrations in owner-occupied, ground-contact
homes, by state.

State GM GSD AM %>150 Bq m" % >370 Bq m™
Bqm? Bqm?

CT Connecticut 21 2.51 32 1.8 0.1
MA Massachussets 30 2.52 48 5.0 0.5
ME Maine 27 2.48 41 4.0 0.4
RI Rhode Island 25 2.34 37 2.6 0.3
VT Vermont 21 2.54 33 2.2 0.2

standard error 2 0.09 3 0.7 0.2
MD Maryland 23 3.20 46 5.8 0.9
PA Pennsylvania S5 2.92 103 17.9 4.9
VA Virginia 24 2.76 41 3.6 0.5
wV West Virginia 31 2.40 46 3.9 0.5

standard error 2 0.08 3 0.8 0.3
IL Illinois 36 2.80 58 7.4 0.8
IN Indiana 53 2.44 80 12.9 1.6
MI Michigan 29 2.24 42 33 0.3
MN Minnesota 74 2.14 98 17.6 1.6
OH Ohio 48 2.71 82 13.6 2.5
WI Wisconsin 47 2.39 70 94 0.8

standard error 3 0.04 3 0.8 0.2
1A Iowa 95 2.36 135 31.0 4.5
KS Kansas 37 2.36 54 6.0 0.4
MO Missouri 30 2.28 49 35 0.3
NE Nebraska 74 2.24 100 18.9 1.4

standard error 4 0.07 4 0.6 04

In a few of the states with particularly variable or ele-
vated radon concentrations, uncertainties differ substan-
tially from uncertainties in other states in the region. The
parameters for which the uncertainty is markedly
different from the uncertainty given in Table 4 are
as follows. In PA, the AM has a standard error of
0.18 Bq m™ and the fraction of homes over 150 Bq m™
has a standard error of 1.3 percentage points. In IA, the
AM has a standard error of 0.27 Bq m~, the GM has a
standard error of 0.19 Bqm3, and the fraction of homes

with annual-average, living-area concentration over
150 Bq m™ has a standard error of 4.0 percentage
points. In NE, the AM has a standard error of
0.17 Bq m™, and the fraction of homes with annual-
average, living-area concentration over 150 Bq m™ has
a standard error of 3.0 percentage points.

The stated uncertainties for the parameters in Tables
3 and 4 and in the list above are conditional on the sta-
tistical model, and do not include the possibility of
additional error due to model violations. A discussion



S710

of such model violations and their importance is in-
cluded next.

Figure 3 shows the same subset of counties as those
shown in Fig. 2: counties from the NRRS with more
than 15 observations in the NRRS set. For each type of
home, the appropriate conversion factor is applied to the
SRRS observations; results are then grouped by county
to obtain a predicted NRRS GM for each county. Again,
error bars represent one standard error. On the x-axis,
error bars include error due to both sampling variation
and due to uncertainty in conversion factors. To cal-
culate the error bars for the NRRS, it was assumed that
the NRRS homes in a county were independently drawn
from all eligible homes in the county. In fact, a stra-
tification scheme was used to select homes for the
NRRS, so that spatial clusters of homes were selected
within each county. In some counties, such clustering
leads to uncertainty in the true county GM beyond the
uncertainty shown in the plot.

Note that the predicted NRRS GMs fall far closer to
the 45-degree line (which indicates perfect agreement
between the predicted and observed values) than did the
original data shown in Fig. 1, a strong indication that
the statistical model is behaving well. The predicted
NRRS GMs shown in Fig. 3 were not generated from a
fit of SRRS GM to NRRS GM by county, but rather
were generated by fitting the statistical model at the
individual-house level and aggregating the results by
county.

Figure 4 shows a further reduced set of counties:
those with more than 35 observations in each data set.
This set contains 21 counties, from 12 states. Most of
the counties fall close to the line indicating agreement
between prediction and NRRS observed GM, the sole
exception being Frederick County, MD, which will be
discussed later. The good agreement for the vast major-
ity of counties suggests that within-region variation of
appropriate conversion factors is not likely to introduce
large errors in the predicted GM based on SRRS data,
even if a spatial subset of observations is selected. If
such variation were large, individual county predictions
would not be this good.

UNCERTAINTIES AND MODEL VIOLATIONS

Two types of problems arise in estimating parameters
as discussed in the present work. First, there are pro-
blems related to the construction and appropriateness
of the statistical model itself—no statistical model is ever
perfect. Second, there is the statistical noise due to small
sample sizes. The effect of statistical noise on the esti-
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Fig. 3. Plot showing the GM of the annual-average, living-area
measurements in the NRRS survey vs. the prediction based on the
SRRS measurements after applying the suitable conversion factors,
as discussed in the text. Only NRRS counties with more than 15
observations in the SRRS are shown.

150

100

4=

50

e

Observed NRRS GM (Bq m™®)

s
l

0 50 100 150
Predicted NRRS GM based on SRRS observations (Bq m)

Fig. 4. Same as Fig. 3, but only counties with more than 35
observations in each survey are shown.

mates is already included in the error estimates pre-
sented above, but it is harder to estimate the uncertainties
due to model violations. A few general comments are:

1) The overall distributional parameters (GM, GSD, and
AM) and their uncertainties are the most reliable. They
are relatively insensitive to the type of model violations
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(such as within-region variation in the regression co-
efficients) that are present in this analysis.

2) Estimates pertaining to the tails of the distribution are
more sensitive to model violations than are estimates of
distributional parameters, and the effect becomes larger
for higher radon concentrations. Estimates of uncertain-
ty in the fraction of homes over 150 Bq m™ (4 pCi/L)
are likely to be fairly good, while uncertainty estimates
for the more extreme tail are likely to underestimate the
true uncertainties.

3) Attempts to use the regression coefficients or con-
version factors to draw conclusions about spatial sub-
sets of houses (a single state, for example) are subject
to considerably larger errors than application to a
selection of homes drawn from the region as a whole,
although the results may be satisfactory in many
cases.

The model used in this analysis, although reasonable,
has some obvious shortcomings. The most questionable
assumption is that the coefficients for various explana-
tory variables are constant within a region. Does the pre-
sence of a basement have the same influence on radon
levels in southern IL that it does in northern MN? The
answer is, of course, ‘no’. The coefficients, and the ap-
propriate conversion factors for various house types,
surely cannot be exactly the same everywhere within a
region. At best, the approximation that the coefficients
are constant within a region is good enough that the
substantive estimates produced by the model are fairly
accurate.

One signature of large within-region variation in
regression coefficients and conversion factors would be
substantial scatter on Figs. 3 and 4. And indeed, there
are two (though only two) obvious outliers on the
plots—outliers in the sense of being more than one or
two standard errors away from the line representing
agreement between prediction and observations. The
most extreme, with a predicted NRRS GM of about
56 Bq m™ in contrast with the observed NRRS GM of
140 Bq m, is Butler County, OH. This county is
clearly anomalous. Indeed, it is the only county on
Fig. 2 in which the GM of the NRRS observations is
greater than the GM of the SRRS observations in the
county. None of the seven other OH counties in the
NRRS exhibits such behavior.

The otheroutlier is Frederick County, MD. This county
stands outmore in Fig. 4, which shows only counties with
more than 35 observations in each data set (the ones that
are subject to relatively little noise due to small sample
sizes). Again, the observed NRRS GM is substantially
higher than would be predicted from its SRRS ob-
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servations, although the other NRRS counties in the state
of MD do not exhibit such behavior.

In the case of both Butler and Frederick Counties, the
stratification scheme used to select homes for the NRRS
may be important. In the NRRS, census tracts were
selected from within each county, and ‘secondary sam-
pling units’ were selected within each census tract.
Homes in the selected unit were then sampled. In most
counties, the variation between secondary sampling units
is not very large, and the within-county variation is domi-
nated by house-to-house variation. In such cases, the
uncertainty in the county NRRS GM can be determined
by assuming that the NRRS homes were independent
selections from all eligible homes in the county. In a few
cases, however, variation between secondary sampling
units is substantial. Two such cases are Butler County,
OH, and Frederick County, MD. In both of these
counties, asingle one of the selected secondary sampling
units has much higher radon levels than other units in the
county, suggesting the possibility that the observed
NRRS GM may be higher than the true GM of the county
due to the chance inclusion of a disproportionate fraction
of high-radon homes. For counties with considerable
variation between sampling units, the approximation that
the NRRS homes are independent selections from all
eligible homes in the county is not a good one, and sig-
nificantly underestimates the true uncertainty in the
county's GM. A ‘bootstrap’ method (Efron and Gong
1983) was used to estimate the uncertainty in the county
GM for both Butler and Frederick Counties, and find that
the true standard errors for both counties are approxi-
mately double the uncertainties shown in the figures.
Thus, the anomalous SRRS/NRRS relationship for these
counties does not necessarily indicate a serious problem
with the conversion factors or the methodology used in
the present work.

However, the fact that the model behaves fairly well
should not be interpreted to mean that the model is
perfect. There is some within-region variation of re-
gression coefficients (and conversion factors) that is not
accounted for in the model, so use of the conversion
factors for a spatial subset of SRRS counties will lead to
errors larger than implied from the standard errors of the
conversion factors alone. The size of the errors can be
estimated by assuming that the difference between
predicted and observed NRRS GM has two com-
ponents: a noise component due to finite sample sizes in
both surveys, and a component due to true variation
between prediction and reality, even if one had large
sample sizes. The result of an analysis of variance in-
dicates that about 70% of the variance between the
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observed and predicted NRRS GM (Figs. 2 and 3) is
attributable to small-sample noise in the NRRS and the
SRRS. The remaining variation is due to the dis-
crepancy between the statistical model and reality: even
if we had many SRRS observations in a county, it
would be impossible to predict the NRRS GM perfectly
using the conversion factors determined here. The
analysis of variance indicates that using the conversion
factor to estimate the NRRS GM for a county from a
large number of SRRS observations in the county will
tend to yield an estimate that is subject to a standard
error of about 15%.

In addition to errors that affect the prediction of the
GM of annual-average, living-area concentrations from
a set of short-term measurements (such as, violation of
the assumption of constancy of the regression coef-
ficients throughout a region), there is the potential for
errors affecting other parameters of interest. Several
types of model violation would lead to incorrect in-
ference about the tails of the distribution such as the
fraction of homes with annual-average, living-area con-
centrations over 150 Bq m™. One way to check for such
violations is to use the model to simulate a draw of the
SRRS data, and compare the results to the actual data
observed. This was done by following steps 1-4 in the
previous section to obtain a predicted distribution of
annual-average, living-area concentrations for the SRRS
homes, then simulating the SRRS measurement process
by adding the appropriate bias (I',:p ) and random noise

[N(0,02%)] to the prediction for each home to generate
a predicted distribution of SRRS measurements. This
procedure was followed 200 times, to take into account
the uncertainties in the variance, coefficients, and
county effects. By comparing the distribution of ‘obser-
vations’ in the simulations with the distribution of actual
observations, we can search for model violations. For
example, if the simulated observations were much more
(or less) widely spread than the actual observations, that
could indicate a problem with the assumption that true
concentrations are lognormally distributed about their
predicted values.

In Table 5, the results of one type of comparison
between the predicted tail of SRRS observations and the
actual tail of SRRS observations are shown for two of
the regions: New England (where the tail of the dis-
tribution of SRRS measurements was fit very well) and
the Mid-Atlantic (where the fit to the high tail was
relatively poor). The ‘predicted’ values shown in the
table indicate the GM predicted value for the 50th-
highest, 250th-highest, etc. observed SRRS radon con-
centrations, based on the 200 simulation draws from the
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individual-house predictions. For a discussion of this
type of posterior predictive check, see Gelman et al.
(1995).

As shown in the table, the statistical model for New
England predicts that the 50th-highest SRRS measure-
ment (from the 5035 SRRS homes in the region) should
be around 792 Bq m>, in good agreement with the
actual 50th-highest measurement of 803 Bq m. The p-
value of 0.40 indicates that in 40% of the simulation
draws, the predicted 50th-highest value exceeded the
50th-highest measured value, while in the other 60%,
the predicted value was lower than the measured value.
P-values close to 1 or 0 indicate potential model viola-
tions, since they indicate cases in which the observed
measurements are unlikely given the model.

As the table shows, the predicted distribution of
SRRS measurements in New England is in excellent
agreement with the observed distribution of SRRS
measurements, at least through the prediction for the
1250th-highest measurement. Howeyver, the predicted
2000th-highest measurement exceeded the actual
2000th-highest measurement in 94% of the simulations
(the p-value is 0.94). In other words, the model con-
sistently predicts that the 2000th-highest observation
should be higher than the observed 2000th-highest
concentration actually was. Note, however, that both the
absolute and relative difference between the prediction
and the actual observation are very small. The observed
2000th-highest measurement was 85 Bq m™, while the
predicted 2000th-highest measurement was 89 Bq m™
(with an uncertainty of a few Bq m™). This is a good
example of a discrepancy that is statistically significant
but not practically significant-the model may syste-
matically overpredict the measured concentration for
homes near the middle of the distribution of radon
measurements, but only by about 4 Bq m™. In fact, the
magnitude of the overestimate is comparable to the error
introduced in the reporting of the radon measurements
in the first place, which were rounded to the nearest
0.1 pCi/L (3.7 Bq m™), so even the statistical signifi-
cance of this small discrepancy is in question.

The other columns in the table show similar statistics
for the Mid-Atlantic states. The fit to the extreme high
tail in the Mid-Atlantic states is not as good as the fit in
the other regions, in which the agreement was similar to
that for the New England region. The predicted 50th-
highest measurement in the Mid-Atlantic is almost
always substantially lower than is the observed 50th-
highest measurement, with a typical discrepancy of
about 396 Bq m™ (about 20%). Thus, the model does
not fit the highest 1% of the measurements in the 5677
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Table 5. Measures of fit between the predicted and observed distributions of SRRS measurements.

New England Mid-Atlantic
predicted actual predicted actual
meas. meas. meas. meas.
position p-value (Bqm™) (Bqm™) p-value (Bqm™) (Bqm™)

50 0.40 792 803 0.01 1628 2024
250 0.25 340 352 0.06 644 703
500 0.22 255 259 0.39 396 418
1250 0.78 137 133 0.91 181 185
2000 0.94 89 85 1.00 109 107

monitored homes in the region very well. The situation
for the highest 5% of measurements is considerably
better: the observed 250th-highest measurement is
still unlikely under the model, but the typical under-
prediction is only around 59 Bq m?, or 8%. As was the
case in the New England region, there are discrepancies
at lower measured values that are statistically significant
but not practically significant. For example, in 200
simulated samples the 2000th-highest predicted mea-
surement was never as low as the observed value of
107 Bq m?3; however, the predicted measurement was
always within 6 Bq m™ of the observed value and the
typical discrepancy was only 2 Bq m™, less than the
roundoff error in the reported measurements.
Unfortunately, there is no easy way to distinguish
between two contradictory causes for the problems with
the high-measurement tail in the Mid- Atlantic states: it
is possible that the SRRS measurements are subject to
variation about the annual-average, living-area con-
centration that is heavier-tailed than the lognormal, after
adjusting by a correction factor. It is also possible that
the distribution of actual annual-average, living-area
concentrations is heavier-tailed than lognormal. In the
former case, the slight excess of very high observations
would be due to the measurement procedure rather than
to the presence of extra high-radon homes, while in the
latter case, the extra weight in the high tail would be
due to an excess of high-radon homes over the number
predicted from the lognormal model. The latter case
may be the more likely of the two, since radon distri-
butions with heavier than lognormal tails have been
noted previously (Nero et al. 1986; Janssen and
Stebbings 1992; Hobbs and Maeda 1996), although that
is by no means certain. There is no obvious way to
modify the model so that the tail is included correctly:
is the problem caused by assumption 1 of the model (see

Section: The Statistical Model), by assumption 4, or by
something else? Resolving this issue would require
collecting long-term, living-area measurements and
housing types (as was done in the NRRS) for many
more homes in many counties, and investigating the
within- and between-county variation in detail. Such an
investigation is not possible with the present data.

In any event, the discrepancy is apparent only in the
extreme high tail (the highest 1 to 5% of homes in the
region), and does not seem likely to cause problems in
the estimates of fraction of homes with true concen-
trations over 150 Bq m. Use of the current model to
predict the fraction of homes with true concentrations
over 370 Bq m? is subject to much more uncer-
tainty—many of the homes with SRRS observed con-
centrations in the highest few percent of homes have
predicted true concentrations that are near this thresh-
old, and this validation check indicates that (at least in
the Mid-Atlantic region) there is a problem with the fit
for these homes. Depending on the cause of the slight
excess weight in the high tail of actual observations,
estimates of the fraction of homes with true concen-
trations over 370 Bq m™ could be either systematic
slight overestimates or slight underestimates. The noisy
SRRS data are simply too crude a tool to allow accurate
characterization of the high tail of annual-average,
living-area concentrations. The standard errors of the
model imply that the estimates given in Table 3 for
fraction of homes over 370 Bq m™ should be accurate to
within a fraction of a percentage point. The possibility
of model violations affecting the high tail suggests that
these uncertainty estimates should be increased sub-
stantially, perhaps by a factor of two or so. Exact quan-
tification is difficult, since there is no way to use cur-
rently available data to determine what is causing the
problem in the extreme high-radon limit.
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CONCLUSIONS

Results of the present analysis are appropriate only for
homes in the northern U.S. in which screening mea-
surements were made following the SRRS protocol, i.e.,
short-term charcoal-canister measurements made in
winter on the lowest level of ground-contact homes.
Conversion factors for non-winter measurements would
certainly be different, since short-term radon concen-
trations vary seasonally.

Although a single short-term winter screening mea-
surement in a home is a poor predictor of the home’s
annual-average, living-area radon concentration, the
present work shows that a collection of such measure-
ments (as from the SRRS) can be used to characterize
the distribution of annual-average, living-area concen-
trations in an area. Thus, the SRRS, which provides a
fairly large database of geographically dispersed, short-
term monitoring data, can be used to predict annual-
average, living-area radon distributions for entire
regions (Table 3), for individual states (Table 4), and for
individual counties (Figs. 3 and 4). The ability to use
the existing base of short-term data to predict long-term
concentration distributions has the potential of sub-
stantially improving the efficiency of government
programs geared towards locating high-radon homes or
high-radon areas of the U.S.

This analysis has determined conversion factors ap-
propriate to different types of homes in different
regions. If the parameter of interest is simply the GM of
annual-average, living-area radon concentrations, an
estimate can be obtained simply by multiplying each
SRRS observation by a conversion factor appropriate to
the type of home, and aggregating the results by county.
If more detailed distributional information is desired,
such as the GSD of annual-average, living-area concen-
trations, the full statistical procedure discussed in the
present paper must be used.

In addition to providing novel results concerning the
U.S annual-average indoor radon distribution by region,
the present analysis illustrates the feasibility of using
long-term concentration measurements to ‘calibrate’
short-term data, even if the long- and short-term mea-
surements are from different homes. The approach
could certainly be used on data other than those from
the NRRS and the SRRS.
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