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ABSTRACT

In support of a pessible performance standard for radon-resistant
construction for the State of Florida, a protocol is needed to provide
post=construction indoor radon measurement. In order to relate the results of
ghort term compliance measurements to inferred annual average concentrations, a
study is in progress in four regions of Florida known to have potential for
elevated indoor radon. Eighty study homes in Polk, Alachua, Dade, and Leon
Counties are being simultaneously menitored using long=-term (quarterly and annual
alpha track and long-term electret-ion chambers) and short-term moniteors
(open~-face and barrier charccal canister and short term electret-ion chambers).
Electrets are deployed continucusly and read over l- and 2- week intervals. A
subset of the houses are monitored using Pylon AB-~5 continuous radon monitors.
Houses were selected to be representative of typical Florida housing
construction, with indoor radon concentration in the 2-20 pCi/L range. Data have
been analyzed to isolate systematic seasonal variations and to derive confidence
limits for predicted long-term (annual) averages from single or multiple short-
term measurements according to the candidate protocola. For relevant
combinations of device and sampling periocd, thresholds have been determined below
which a single short-term measurement can provide specified confidence that the
long-term average radon does not exceed 4 pCi/L. These results have been
incorporated into draft building standards.

This paper has been reviewed in accordance with the U.S. Eanvironmental
Protection Agency’‘s peer and administrative review policies and approved for
presentation and publication.

INTRODUCTION AND BACKGROUND

Many studies have been conducted nationwide to determine the extent of
elevated indoor radon concentrations in the U.S. The majority of these studies
have employed short-term screening techniques, ranging from 1 to 90 days, using
either open-faced or diffusion barrier charccal canisters or alpha track
detectors according to EPA protocols. Several factors prevent the development
of a direct relationship between short-term measurements and long-term indoor
radon concentrations. Primarily, radon concentrations have been shown to vary
considerably with time; diurnal and seascnal variations are prominent in many
houses and suggestions of weekly or other periocds have been made. Some of these
variations clearly correlate with house construction or occupant behavior
patternsg, such as heating, ventilation, and air-conditioning (HVAC) equipment and
usage patterns, and the use of natural or mechanical ventilation during mild
periods. However, no general means of computing the effect of these factors on
resulting levels of indoor radon has been demonstrated. Added to this
uncertainty due to fluctuations in actual radon concentrations is a smaller
measurement uncertainty due tc the radon measurement devices themselves. Each



possible sampling periods. This paper reports preliminary results of a study of
short-term and long-term variations in radon concentration in approximately 80
houses in the state of Florida. The study involves comparative sampling using
the most common radon measuremerit technologies, and extends over a year to date.
It is probably the most extensive study of its kind.

This project was commissioned by the state of Florida, in cooperation with
the U.S. Environmental Protection Agency, as one portion of the Florida Radon
Research Program (FRRP) (1). The purpose of the FRRP is to provide technical
support for a statewide building standard for: radon-resistant construction
currently in the rulemaking process. The FRRP. includes several projects targeted
for technical support of specxfic standard elements. -In this case the
information provides technical baCkground for a post—construction radon test
specified as a performance element of the standard. Other projects address
prescriptive elements of the code such as specifications .on soil and fill
characteristics, barrier or sealing techn;ques, HVAC aystems, and active subslab
depressurxzatlon syatems. it X
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" The philosophy of the proposed performance standard can be briefly stated
as a compromise between conflicting needs in the light of measurement
uncertainty. First, as described below, estimates of long-term radon exposure
from single short-term radon measurements are subject to measurement uncertainty.
Second, the State needs to have confidence that a building actually will conform
to the long-term ration concentration standard set (currently 4 pCi/L, considered
as equivalent to 0.02 Working Level (WL)] by the State’s Department of Health and
Rehabilitative Services (DHRS); therefore, the. needs -of the State are best
served either by a longer testing periocd or multiple measurements (either of
which decreases measurement urncertainty).or by a conservative performance
threshold (i.e., lower than the DHRS standafd}. Third, builders and developers
need to minimize delays between construction and occupancy; therefore, the
construction industry is best served by as short a test period as is feasible.
The proposed standard was written ta offer opt;ons -in measurement device:and
sampl;ng perxod tc addresa both needs. .. . : Fua T

"Thus the objectives of this study;dere conceived to provide the specific
information required for the threshold levels .incorporated in the codes. A.goal.
of the project is to provide short-term (less than 2 weeks) measurement options:
which would provide adequate confidence that the long-term average indoor radon
concentration does not exceed a specified level (in this case, 4 pCi/L). To

achieve this goal, aupport;ng cbjectxvas include documentation of the variability
of indoor- radon in_ typical houses .in the state, characterization of this

variability as measured by the most probable candidate radon-measurement:devices,

separation of' seasoral trends in radon concentrations in the state,  and¢
evaluation of regxonal clxmat;c or-construction factors which affect-radon-
varzabxl;ty. Z3Eld o S -::T.i e o g med R L4 w0 EF 8 ”;;_—\L 5 v

While most studiés of this type have- been performad cuta;de the state of
Florida, and many reflect sampling situations inappropriate for Florida housing
(e.g. basement screening measurements), the major features of other research
studies are corroborated by several studies which have been conducted within the
state to Ldentxfy factors which contribute . to; the variability -of:’radon
concentrations ‘in Florida homes. {2- 4).. . Thesge .studies-suggest; that both short=--:
term and’ SEaaonal varlabxl;ty can. cauge uncerta;ntxes of a factor. of 2 ‘or more
in predicting long-term avarages from slngle short-term measurements. These
studies were ixm;ted however, in devxcea used, region of: the state, and numbexr
of houses dtudied. Tha current projegt.was des;gned to supplement thesa earlxer-
fxndanﬁ thH a more defln;tlve databaae P . -
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In Order' to" provxde ag adequate atatlatxcal baaxa for the development of-
code recommendationd for Florida, the current project includes the monitoring of
approxxmately 80 "houses for over a year using parallel measurements with -
d;‘ferent sampllng aevxcea he selected study. homes represent a sampling from
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four geographical-regions of the state, Bp&cf?ically Alachua (Gainesville), Dade
(Miami), Leon (Tallahassee), and Polk {Lakaland] cQuthee. The houses were

selected based on the characteristics Ldentlf;ed as most common to Florida
housing stock such as% -~
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- Single family, single level, slab on grade nguaxng with forced air
heating and cooling
- Low to moderate radon Ievel - 2 to 20 pCL}E 5
- Unmitigated =
- Air handler character;atica*" 51it betwgen houses with air handlar
inside building shell (cicset “a d outeide shell (garage, attic) _
- Natural ventilat;on, attempt’ fa aelatt about halﬁ of the houses which
never use natural vantilatxcn fo: cdoling. i
Five radon measurement devices were employed in the. atudy for the. purpose
of. identifying acceptable methodologies for estimating the annual average indoor
radon concentration as well as developing appropriate pred;ct;ve relationships
between short-term measurements and long-term (annuyal) average concentrations.
The devices selected and their deployment periods were:
- Alpha Track Detectors (ATD; quarterly and adnual deployment)
/= Short-Term (EPS) and Long=-Term (EPL) Electret’ Paggive Environmental
Radon Monitors ‘(deployed continuously; EPS read on a l-week, l-week,
... 2=week cycle; ‘EPL read biweekly or monthly}
;.= :Seven day passive diffusion barrier (CC7); and twpﬁday;open face (CC2)
'~ ¢ .charcoal canisters (deployed once per mqonth in each house)
%= Pylor 'AB-5 Continuous Radon Monitor witl a Passivé@ Radon Detector
“”‘:(deployed for mcnth long periods in subéet of hoqges)

£

Each county reaearcher devxsed a’ saﬁpl;ng schedule based on the above
guidelines and homeowner schedules. The homeowners were askea to .keep their
homes.closed during the charcbal- canister deployment period, but’ were allowed .to,
ventilate their houses according to their normal habits "otherwise. In each
county the data were gathered, checked for consistency, and entered into a
regional :database. The reg;onal'databases were combined at least quarterly and
a quality control (QC) survey was-performed on the entire database. Quarterly
data analyaea were: performed on the’ combzned data set. i -

; In order to assess seaaonal trends, tha guarterly boundaries were chosen
to-idolate the" peak heat;ng ‘and cooling seasons as defined by historical mean
outdoor temperatures in the stata. The study began tﬂh firgt week of Decamber
1989, with-40"houses rper™ reg;onw " ‘After completion of tha Fxfs: winter quarterq,
at the :end: of February 71990, the'“study- was anreased to 80 houses total.
Akthough: some houses were" loht'durrng the “study, -at "feast’ three quarter’s data
was available for 71 houses by the end of November 1990, the last fall quarter
incorporated in this paper. The study was scheduled to. cont;nuq anothaq,calandar
quarter‘untxr':he-ﬁhqind;ﬁq dﬁ=uardh 19@1 i g ol o8 L
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OBEL In.crderax;aAGeaa the:- radon varlabllxty dlspiaybd‘lﬁ Che atudy homes. the’. :
quarterly ami annuaI‘afxthmetxe~a6efage'radon concantracxon, ;anga;p deviation .
(STDY;, |and coefficient: of: varidtion™ Téov ~i-defihed- a8’ thé raq;o of_ Ehe_SID to.
the.mean, . expressed =i¢' a"percehtage’ -were calculidted * for ‘eac _hoyse” dnd device.;
framhgbi-nbsarvatibﬂ%'made‘%darxng ehe-perxod “For thé elec fé:,mpaagr%mpn;a.,-
time-wedghted raverageg!'weré - used dife” to™ ‘the® variable" sfa.rnpl:.rlt_;cJ in q;yal~ ~The .

distribution of radon concentrations among-‘th® hdudes ~is illustrated by Ethe
short-term electret quarterly average results presented in Figur@.l. s nyguremays
In general, the sample populat;on can_be approx%iated b .a log normal
distribution as is’Cypicdals ofStudies’ in’ larger, 'randomly” BBIQFCEG popula:xona.rt
The- gbserved.quarterly average radon-concentrations” ranged from 0.5 to greater .
than 20  ~pCiyL with almost- 49%" fallxng between 2 and 4 pCLjL- Approx;mately
11.44%: of- they quarterly averages fell dutside of the study screening boundaries’



of 2-20 pCi/L. The median radon concentration was 3.41 pCi/L, and the geometric.
mean and standard deviation  were 3.61 pCi/L and 2.1, reepectlvely.. The
arithmetic mean and standard devzat;on among the study houses were 4.71 and 3.95
pCi/L, respectively. : _

The error structure of the quarterly average radon measurements is depicted
in Figure 2. In Figure 2, the standard deviations of the 7 or 14 day electret
measurements in a quarter are plotted aga;net the quarterly time weighted mean
for the house. Within a significant degree '‘of scatter, the standard deviation
tends to vary linearly with the mean. This sudgests that a variance stabilizing
transformation (either performing a log transformation on the data or normalizing
all concentrations to the long-term mean radon) is justified prior to any
regression analysis of the time variabilify of the data.

Figure 3 shows the pairwise comparison of the quarterly average short-term
electret radon concentrations to those measured by each of the other devices.
In general, the devices agree quite well with each other. Regressions for the
alpha track and long-term electret, which were continuously deployed with the
short-term electret, show slopes near unity and R2 of about 0.95. The 7 and 2
day charcoal canisters, which were deployed 1 week or 2 days each month, showed
somewhat greater scatter (R2 of 0.93 and 0.91, respectively). A more detailed
description of the results of this investigation is beyond the scocpe of this
paper.

SEASONAL VARIATION :
One key issue in the variability of radon measurements is the seasocnal
component of this variability. In order to compare pooled seasonal trends across
the study houses, the quarterly average radon concentration data were normalized
by dividing each quarterly average by a longer-term average radon concentration
measured by the same device in the same house. In order to include the houses
which were added in the Spring of 1990, all data were normalized to the average
of the last three quarters of the study (March'~- November 1990)."  For the 40
houses which were in the study an entire year, this three-quarter average was
typically less than the annual mean (by an average ratio of 95%). To simplify
data presentation, this investigation will focus on.the cutcome of the short-term
electret data, although similar plots for the other devices have been develaped.

' Figure 4 shows the frequency distribution of theae'normal;zé&LQEerterly'
average concentrations in the study house pool. An examinatibn of the ‘seasonal

plots reveals several clear qualitative differences. Winter, as a rule, is found .

to be the season with highest relative radon, as in other parts of the country.
Spring, as a rule, had the lowest radon, then summer and fall.

More striking is the range of rormalized quarterly averages. The fall
quarter data correlates best with the long-term average, with 50% of the
normalized concentrations falling within %0.07 of the mean value (1.094). By
Cﬂﬂtraﬂt: the winter quarter distribution Has a "tail" of houses with higher
over “the range' from 0.98 to 1.61." Thud, given nothing .but . quarterly average
radon, the most precise estimate of the annual average in a given ‘house appears
to be 96% of the fall quarter mean.  The winter quarter mean had the largest
range of variation relative to the long term. average radon.  While most of the ~
houses fell within *0.30 of the Lonq-tarm average, 25% of the .houses had winter
concentrations over 1.5 times the mean for the rest of the year, reeultxng in a
broad distribution ranging from 0.65 to 2.1. Since the study was continued in
the full get of over 70 houses laet wLnter, it will ba of specxal interest to see
Lf thla behavxor is repeated
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VARIABILITY OF RADON MEASUREHEN‘TS A Aol
Asg ncted in Figure 2, the standard dev;at;oq of short-term _E-Perm
measurements~during a calendar 'year was, on the average, proportional _to the

quarterly mean, with a constant of proport;onal;ty of 0.26. Thus the
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distribution of the coefficient of variation should clustar around 26%. The data
for long- term E-Perms are similar. Figure 5 illustrates .the distribution of
quarterly COV value in the study houses by quarter. One might expect that- the
measurements taken during the summer cooling season would vary less than those
for the other three seasons, in which occupants are more prone to ventilate their
houses. There is indeed a slight tendency toward higher mean COVs for the spring
and fall as compared to the summer, but the variability among houses in each
season is greater than this seasonal effect. .. Therefore,. the short-term
variability in relative radon concantrations can be assumed, to be of the same
magnitude in all seasons.
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If the distribution of normalized .radon  copcentraticon is:assume& uniform
for the houses in the pool, thé upper or lower confidence limits can be
calculated for certain diatributiona.‘ Using a lognormal model similar to
Roessler, et al. (3), one-sided upper confidence levels were calculated for
different combinations of device and sampling period. These thresholds, shown
in Table 1, were incorporated into the propcsed building standard currently in
the rulemaking process. The values in Table 1 represent threshold levels for the
device/time combinations listed at the left of each row.and the confidence level
shown in the column headings. In order to pred;ct within the specified level
that the long-term average radon concentration in. a house will be.less than 4
pCi/L, the results of a single measurement must be lower than the corresponding
threshold level in Table 1. The model from which Table 1 was generated does not
include seasonal effects, but was based on the three quarters of data available
at the time of the calculation. Nonetheless, the table gives a good indication
of the way our observed level of uncertainty. can be ingorporated.into a

conservative building standard. “°° °

ne e ~ g R

. 8 o
P Bxia o - o

' CONCLUSIONS A A

This "“gtudy has provided th& most detailed database of which we are aware
of the time variation of a significant number of occupied houses with moderately
elevated radon concentratidns. We see cledr evidence of seasonal trends in radon
concentrations from four reagions of the ‘state of Florida. Winter concentrations
are typ;cally higher than for the rest of the year, ., although the degree of
elevation varies atrongly over the pool” of study houses. Fall gquarterly average
concentrations correlate best with the annual mean_concentration.  The pattern
of var;ab;l;ty suggests that models with Logaritﬁmxc scaling can, be_used to
eat;m?te expected uncerta;ntxea xn 1ong-temq ave;age radon from short- term -
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TABLE 1. THRESHOLD RADON CONCENTRATIONS FOR SINGLE RADON MEASUREMENT

CORRESPONDING TO SEVERAL CONFIDENCE LEVELS OF FINDING LONG~TERM AVERAGE

CONCENTRATIONS UNDER 4 pCi/L.

CONFIDENCE LEVEL

Device/Days* 0.5 0.6 0.7 0,75 0.8 0.85 0.9 0.95

CRM-1 4.18 3.87 3.56 3.39 3.22 3.03 2.81 2.51
CRM-7 4.02 3.81 3.61 3.50 3.39 3.25 320 2.88
CRM-14 4.00 3.83 3.65 3.56 3.46 3.35 3.21 3.02
EPS-7.. 4.22 -3.85 3.49 - 3.31 3.11 2.90 2.66 233
EPS-14 4.23 3.88 3.54 337 3.18 2.98 2.74 2.43
EPL-14 4.39 3.88 3.39 3.15 2.90 2.63 2,33 1.95
EPL-28 4.32 3.91 3.51 3.31 3.10 2.87 2.60 2.26
ccam 4.78 4.30 3.84 3.61 3.37 13 281 2.42
cc7 4.20 3.81 3.43 3.23 3.03 2.81 2.55 2.22

*Where CRM = Continuous Radon Monitor :

= Short-Term (High Sensitivity) Electret-Ion Chamber
EPL = Long-Term (Low Sensitivity) Electret-Ion Chamber
= Open Face ("2 day") Charcoal Canister

CC7 = Diffusion Barrier ("7 day") Charcoal Canister

CC2 values may be overestimated due to observed bias in study sample.
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