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ABSTRACT 

Assessment of long-term indoor radon concentrations from short-term testing results are of significant 
importance when radon risk assessment and liability issues are considered. These issues are based on the figure of 
annual exposure to indoor radon while radon measurement practices are mainly followed the EPA short-term testing 
protocols. A mathematical framework has been developed that facilitates non-statistical approach to construct the 
relationship between the short-term indoor radon measurements and the long-term annual indoor radon levels. This 
approach was based on the application of the timedependent indoor radon concentrations calculated from the 
corresponding contributions of indoor radon driving forces for different time periods having a reference starting 
time. The approach utilizes an analytical procedure that is based on the solutions of the mass balance equation for 
the radon gas in the indoor environment. The solutions are applied through semi-analytical modeling of time- 
dependent indoor radon concentrations. This treatment provides a powerful tool and procedure to assess long-term 
indoor radon concentrations from short-term testing results. 

INTRODUCTION 

Prediction of long-term indoor radon concentrations has been a major source of disagreement when some 
issues of the indoor radon problem are considered. The conflict arises from what is considered practical for testing 
and the health hazards and liability issues. On one hand, obtaining a long-term measurement of the average indoor 
radon concentration in a structure by continuous testing for possibly several years (a minimum of one year) is not 
practical (although it is possible). On the other hand, health and some legal-related actions are based on the annual 
exposure to indoor radon concentration. 

Many of the radon testing utilized commercially are performed over a very short period of time, typically 
48 hours, following the US Environmental Protection Agency short-term testing protocols. Although such testing 
may be sufficient for determining the need for mitigation action for some cases, using these results to represent the 
annual indoor radon concentration in the structure can create major debate for marginal cases, estimation of health 
hazards, and liability related issues. The problem is particularly complex given the known fluctuations of indoor 
radon concentrations. 

Several studies have addressed the issue of predicting annual indoor radon concentration from short-term 
testing results. Such studies utilized two basic methodologies in approaching the problem. The first methodology 
uses specific research structures and develops correlations between indoor radon concentrations and other 
environmental parameters that are simultaneously monitored for a long period of time (a minimum of one year). 
Then researchers experimentally fit the data and obtain the best representation of indoor radon concentration based 
on the particular set of data (Hull and Reddy 1990; Reddy et. al. 1990). 

The second methodology analyzes large data bases (survey data) related to indoor radon measurement, 
although they are not particularly designed for this purpose, and tries to obtain general correlations relating indoor 
radon concentrations to the available parameters in the survey data set (White et. al 1994, White et. al. 1992; Cohen 
1990, Roessler et. al. 1990, Steck 1990; ). The second approach covers a large number of houses, but there is 
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uncertainty in the results and a lack of experimental control parameters. However, this type of study may provide 
an indication of the relationship between parameters based on statistical evaluation. The first approach has the 
advantages of design and control of the experiments and better measurement uncertainty, however, it is restricted 
to the experimental fit of data of the particular structure. Neither of these approaches provides a means to explicitly 
predict the average annual indoor radon concentration from the short term-testing results, but rather each provides 
indications of the trends of annual indoor radon concentrations when other parameters are considered. An approach 
that provides an explicit relationship between the short-term testing and the actual annual indoor radon concentration 
has not been developed. 

In this section, an analytical method will be utilized to relate the annual indoor radon concentration to the 
short-term testing results. A mathematical framework is developed, based on the mass balance equation of radon 
in the indoor environment which facilitates semi-analytical predictions of annual indoor radon levels. This treatment 
can serve as a tool to establish the general relationship, based on the actual physical processes of entry and removal, 
between the time-averaged annual level of indoor radon concentration and the short-term testing of the indoor radon 
concentration. 

APPROACH 

The general linear differential equation governing the generation and removal of radon gas in the indoor 
environment can be developed from the mass balance equation of the indoor radon accumulation rate as, 

where C(t) is the radon activity concentration in a differential volume dV (Bq/mS), S(r,t) is the radon source term 
in (Bq/m3s) which mostly consists of radon entry from the sub-structure area, and RE(r,t) represents the radon 
activity removal term (Bq/m3s). The latter term includes radon removal by ventilation and radon removal by 
radioactive decay. The differential form of this equation utilizing spatial integration over the differential volume 
dV can be written as (Al-Ahmady 1995), 

where Q(t) is the structure ventilation rate (mS/s), R(t) is the total radon entry rate (Bq/s), \ is the "Rn decay 
constant, and V is the indoor volume (m'). Utilizing the integrating factor method, the product of the integrating 
factor and the solution C(t) form an exact differentiation as, 

;j $(q + Ã ˆ d  J i ^ + a ) d t  - [e 
dt 

C ( t ) I  = - v 

the general solution to Equation 2 is, 

This equation represents the expected value of indoor radon concentration (Bq/mS) at a particular point of time (time 
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stamp) that is measured from a specific time when the solution was performed using a specific initial condition of 
indoor radon concentration. The time stamp of the initial condition is selected to be t=O representing the start of 
the solution application in the indoor environment. For example, if a time period of 1 year (3.1536~ 10' s) is applied 
from this t=0, the total period of the solution has 3.1536x107 time stamps. 

The integration terms in Equation 4 need to be evaluated based on indefinite integration and establishing 
an initial condition which will serve as a reference to the solution in any time stamp point that is located in the range 
t>0. The constant value C derived by the indefinite integration can be evaluated by using the initial condition. 
Such evaluation requires solving the integral, and consequently, the relationship between radon entry and ventilation 
rates with time need to be known. If the latter rates (Bqls) are constant over the time period of the solution, 
application of the initial condition, such as C=C, at t=O yields, 

where the straight brackets indicate that integral expression between brackets is to be evaluated indefinitely first, 
then the value o f t  is set equal to 0. As seen from Equation 5, the term C in Equation 4 may have an expression 
as opposed to a number, however, it is constant over the time period of the solution. The evaluated constant term 
C in Equation 4 is then redefined as C. indicating that the general solution in Equation 4 contains a known constant 
that has been evaluated at t=0. The general solution to Equation 2 including the utilization of initial conditions can 
then be written as, 

Equation 6 represents the time dependent indoor radon concentration that can be evaluated at any point in 
the time spectrum t 2 0. For each time stamp there is a corresponding value for CO). For example, the indoor 
radon concentrations in the structure, where C. is evaluated at t=0, at 6 months. 9 months, and one year later are 
then equal to, C(t=1.5552x101 s) , C(t=2.3328x101 s), and C(t=3.1536x107 s). respectively. Indoor radon 
measurements using any system are based on counting a parameter corresponding to the alpha particles that is 
converted into a coxwntration of Bqlm'. The minimum collection time is 1 second. If the system is designed to 
provide time dependent measurements, then outputs can be reported per time interval that may vary in length or 
be selected by the user. If the system provides time-integrated measurements, then one value representing the 
average indoor radon concentration can be extracted at the conclusion of the testing. In both cases, the system 
accumulates values of the radon concentration in the minimum period of time based on the design. 

For the time dependent systems, the reported indoor radon concentration values collected in time periods 
can be used to calculate the average indoor radon concentration using a simple arithmetic average or a weighing 
method such as the reciprocal of the measurement variance. In all cases, the reported average indoor radon 
concentration is the weighing of the accumulated indoor radon measurements recorded in all the time stamps which 
occurred during the testing. Such a value, in fact, is the average of the integral of C(t) over the testing period. 

where D(t) is the time distribution of indoor radon concentration over the period of t=O to t=t. For testing 
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purposes, D(t) is the arithmetic average of readings or the weighted average of readings by the reciprocal of the 
variance. If the first case is selected, Equation 7 then becomes, 

where T=t-0, and equal to the total number of time stamps in the testing period. For example, if the testing system 
is set to calculate indoor radon concentration based on 1 second measurement intervals, and the test was performed 
from noon the first day to noon the third day of the seven month after t=0, then the average indoor radon 
concentration reported by the measurement is, 

where there is 1.728~10'-tune stamps of 1 second during this 48-hour testing period. 

PROCEDUREDEVELOPMENT 

A measurement time interval may be reported for a period greater than one second by using a simple 
conversion. If the measurement is reported in a one hour period, then the previous example will contain 48 readings 
and the averaging will be performed on the 48-hour testing period. However, conversion will need to be made 
during evaluation of the integral in order to maintain the correct units since the components of C(t) are the radon 
entry and removal rates which are reported in Bqls. 

It is important to note that the following treatment provides means not only to estimate the averaged indoor 
radon concentration over the testing period but also to relate the latter to the particular time of the year. To 
facilitate this capability, the ratio of the indoor radon concentration reported by a testing period, (C.&, performed 
during a particular time in the year (T,, T,) to the average indoor radon concentration over the whole year, (C.& 
can be estimated as, 

where T is the long-term length of time (one year for annual estimation), T, is the time stamp representing the end 
of the short-term testing period, and T. is the time stamp representing the beginning of the short-term testing period. 

Equation 10 establishes the relationship between the average indoor radon concentration measured over a 
short-term testing period in a random segment during the year and the time-averaged annual indoor radon 
concentration. It should be noted that Equation 10 establishes the described relationship independently from how 
long and when the short-term testing occurs during the year. 

If the indoor radon concentration over the year is constant, then Equation 10 will return a value of 1 despite 
how long and when the short-term testing is performed. For complete evaluation of the equation, the time 
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distribution of indoor radon concentration, particularly the entry and removal rates, needs to be known. If those 
expressions are incorporated into Equation 10 then, 

The general approach to applying the relationship above between the short-term testing result and annual 
indoor radon concentration is to estimate the right hand side of Equation 11 using the previously developed 
expressions for radon removal and entry rates. After the right hand side of Equation 11 is evaluated, the long-term 
annual indoor radon concentration can be calculated from, 

where RHS is the numerical value of the right hand side of Equation 11. 

The best results of estimating this ratio are obtained by performing the integration when the time 
distribution functions of R(t) and Q(t) are available. The latter case corresponds to a time interval that 
asymptotically approaches zero. Actual measurement must have a time interval greater than zero and the minimum 
known interval is 1 second. Therefore, estimations of the integral of Equation 11 can be accurately performed using 
the actual value of the variable (R and Q) at each of the time steps. The time step is therefore the actual time 
interval used during the measurement. Smaller time intervals will produce better results. 

The discrete nature of the variables in the above mathematical framework allow an estimation of the integral 
of indoor radon concentration as, 

where i is an incremental index representing the time stamp where a measurement value is reported. Incorporating 
the integral equivalent in Equation 13 into Equation 10 yields, 

The time term of the above equation is known. Components which drive the indoor radon concentration need to 
be known (measured) during the long-term period to be estimated in a time interval equal to the time interval of 
the short-term measurement performed during a particular time of the year in that year. 

Indoor radon concentration (CJ expressions needed for the previous equation have been developed for 
different types of structures utilizing mechanistic and empirical models either as a whole or from integrated 
components. Some of the components may be restricted to the particular structure especially where elements 
characterizing that structure are considered. For the purpose of applying Equation 14, component models for the 
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indoor radon concentration at the University of Florida Radon Research House (UFRRH) will be utilized. The 
general steady state indoor radon concentration can be represented by, 

where R is the total radon entry rate (Bqls), Q is the structure ventilation rate (mJls), V is the structure indoor 
volume (mJ), and A is the Rn-222 radioactive decay constant (11s). The total radon entry rate can be calculated from 
convective and diffusion entry from the sub-structure area, & Ran respectively, and convective entry from the 
ambient Roi, (Hintenlang and Al-Ahtnady 1994). Convective entries in R are derived by pressure differentials 
developed by changes in barometric pressure, temperature differences, wind blowing on the structure, and household 
appliances such as the heating, ventilating, and air-conditioning (HVAC) systems (Al-Ahmady 1995). The structure 
ventilation rate is also derived by the pressure differential generating mechanisms. For this application indoor radon 
driving force models of temperature differences (Al-Ahmady and Hintenlang 1994 a&b), barometric pressure 
variations (Al-Ahmady 1992, Hintenlang and Al-Ahmady 1992), wind blowing on the structure (Al-Ahmady 1995). 
and HVAC system (Hintenlang and Al-Ahmady 1994) will be utilized. These models, consequently, are 

where PÃ is the barometric pressure at a common reference level in the structure (Pa), D is a constant equal to 
0.0477, T is the absolute temperature (K), Pb is the barometric pressure (Pa), Tn is the characteristic equilibrium 
time (s), the time required for the spatial sub-slab soil location to equalize with the change in barometric pressure, 
C. is the drag coefficient constant (0-l), P,, is the indoor pressure (Pa), v is the directional velocity of the wind 
stream around the structure (mls), Q is the volumetric flow rate into or out of the structure (m31s), n is the flow 
exponent and has a value between 0.5 to 1, and K is the flow coefficient for the structure. K and n need to be 
empirically determined using a best linear fit for the testing result per the particular structure. For the UFRRH, 
these values are 0.0566 and 0.69 for the flow coefficient and flow exponent, respectively (Al-Ahmady 1995). 

The total radon entry rate for the UFRRH (Hintenlang and Al-Ahmady 1994) can be calculated from 

where APwd is the pressure differentials between the indoors and outdoors. The total radon entry during the short- 
term testing can be evaluated as, 

where fit is the measurement time interval, and n is the number of measurements during the testing period. The 
same treatment is utilized for the long-term period (1 year) but n is replaced by m which represents the number of 
niea-surements during the year. Using the expressions of the pressure differentials generating mechanisms of 
Equations 16-a to 164. radon convective entry from the sub-slab area is then, 

1995 International Radon Symposium IVP - 3.6 



Radon convective entry from the ambient may be driven by the temperature difference between the outdoor and the 
indoor and the wind blowing that causes interior depressurization. Therefore this entry is calculated by, 

The radon removal rate contributes to the reduction of indoor radon concentrations and is derived from the 
temperature difference between the indoors and the outdoors and wind blowing on the structure which pressurizes 
the interior. The radon removal rate for this application can be calculated by the same manner as the radon entry 
rate as, 

Radon diffusive entry is independent from the above driving forces needs to be estimated for this 
application. If Equations 19, 20, and 21 are integrated into Equation 14, the fundamental expression relating the 
short-term time-integrated measurement of indoor radon concentration and the long-term annual time-averaged 
indoor radon concentration is produced. A year's worth of temperature, wind speed, and barometric pressure 
measurements are needed for this application. Application of the above mathematical framework was performed 
to estimate the annual indoor radon level during one year period May 1991 to May 1992 at the UFRRH and 
compare it with the short-tenn testing performed under neutral pressure conditions. The predicted time-averaged 
indoor radon concentration is 1539.2 Bq/mg (41.6 pCi/l), while six short-term tests produced results that differ from 
the estimated annual value by a maximum factor of approximately 1.6. 

Data required to perform estimation of the time-averaged annual indoor radon concentration are available 
from the National Weather Information Center operated by the Federal Aviation Administration. All the above data 
are collected on an hourly basis in most of the cities at the airport locations. The diffusive component of radon 
from the sub-structure area into the indoors can be estimated or ignored if the convective flow is dominant, 
depending on the soil properties and structural features. Indoor and sub-slab temperatures can also be estimated 
if they are not available, depending on the general weather pattern in the area. 

CONCLUSIONS 

The mass balance approach can be used to establish the relationship between the short-term indoor radon 
concentration measurement and the time-averaged annual indoor radon concentration measurement. This approach 
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developed the first mathematical framework needed for such an application and needed to support an explicit semi- 
analytical treatment that accounts for all radon entry and removal driving forces in the indoor environment. A semi- 
analytical framework can be developed by integrating the semi-diurnal barometric pressure variation driven pressure 
differences across the slab, temperature-induced pressure differences across the structure slab and shell, and wind- 
induced pressure differences across the slab and the structure walls into the differential pressure formulation of the 
total radon convective entry from the sub-structure area into the building interior. Radon removal driving forces 
consisting of the models of structure ventilation and accounted for in the decay of radon in the indoor environment 
are also integrated into the timedependent indoor radon concentration derived from the mass balance principle. 
The latter mathematical structure can then be applied to the short- and long-term averaged indoor radon 
concentration estimation in two different time periods when a common reference time is established. The ratio of 
the short-term indoor radon concentration to the long-term time averaged indoor radon concentration can be 
evaluated for all configurations of testing periods and the relative occurrence of the short-term test with respect to 
the long-term period. 

Utilization of such applications to predict the annual averaged indoor radon concentration requires the 
possession of a year's (or more) worth of environmental data such as temperature, barometric pressure, and wind 
speed. These data are integrated into the calculation process using the concept of time indexing to facilitate the 
solution. Such data are available from the National Climate Data Center which report the Federal Aviation 
Administration weather measurements. Most of the above data are collected on an hourly basis in most large cities 
at airport locations. The diffusive component of radon from the sub-structure area into the indoor can be estimated 
or ignored if the convective flow is dominant, depending on the soil properties and structural features. Indoor and 
sub-slab temperatures can also be estimated if not available, depending on the general weather pattern in the area. 
This application provides a significant tool to predict the time-averaged annual indoor radon concentration used for 
health hazard estimations and legal considerations from the wide spread practice of short-term (48-hour) testing of 
indoor radon concentration. 

REFERENCES 

Al-Ahmady K.K. Measurements and Theoretical Modeling of Radon Driving Forces and Indoor Radon 
Concentration and The Development of Radon Prevention and Mitigation Technology, Ph.D. Dissertation, 
University of Florida, Gainesville. Florida; 1995. 

Al-Ahmady, K.K. Measurements and Theoretical Modeling of A Naturally Occurring "Rn Entry Cycle For 
Structures Built Over Low Permeability Soils, Master of Engineering Thesis, University of Florida. Gainesville, 
Florida; 1992. 

AI-Ahmady, K.K.: Hintenlang, D.E. Characterization of the Temperature Effects on Radon Driving Forces and 
Radon Entry for Slab-on-Grade Residential Structures, Health Physics, 66: S59; 1994a. 

Al-Ahmady, K.K.; Hintenlang, D.E. Assessment of Temperature-Driven Pressure Differences With Regard to 
Radon Entry and Indoor Radon Concentration, Proceedings of the 1994 International Radon Symposium, Atlantic 
City, New Jersey. 1994b; 1116.1-1116.11. 

Cohen, B.L. Surveys of Radon Levels in Homes by University of Pittsburgh Radon Project, Proceedings of the 
1990 International Symposium on Radon and Radon ReductionTechnology, Atlanta, Georgia, EPA: EPA-60019-91- 
026a; 1990. 

Hull. D.A.; Reddy, T.A. Study on the Reliability of Short-Term Measurements to Predict Long-Term Basement 
Radon Levels in a Resident, Proceedings of the 1990 International Symposium on Radon and Radon Reduction 
Technology. Atlanta. Georgia, EPA: EPA-60019-91-026a; 1990. 

1995 International Radon Symposium IVP - 3.8 



Hintenlang, D.E.; Al-Ahmady, K.K., Pressure Differentials For Radon Entry Coupled to Periodic Atmospheric 
Pressure Variations, Indoor Air, 2: 208; 1992. 

Hintenlang, D.E.; Al-Ahmady, K.K. Building Dynamics and HVAC System Effects on Radon Transport in Florida 
Houses, The 1992 International Symposium on Radon and Radon Reduction Technology, Vol. 1:VI:93-106, EPA- 
6001R-93-083a, Springfield, VA. NTIS PB93-196194, 1993. 

Hintenlang D.E.; Al-Ahmady, K.K., Influence of Ventilation Strategies on Indoor Radon Concentrations Based on 
a Semi-Empirical Model for Florida-Style Houses, Health Physics, 66: 427, 1994. 

Reddy, T.A.; Molineaux, F.B.; Gadsby, K.J.; Scocolow, R.H. Statistical Analyses of Radon Levels in Residences 
Using Weakly and Daily Averaged Data, PUICBES Report No. 249; 1990. 

Roessler, C.E.; Revel, J.W.; Wen, M.J. Temporal Patterns of Indoor Radon in North Central Florida and 
Comparison of Short-Term Monitoring to Long-Term Average, Proceedings of the 1990 International Symposium 
on Radon and Radon Reduction Technology, Atlanta, Georgia, EPA: EPA-60019-91-026a; 1990. 

Steck, D.J. A Comparison of EPA Screening Measurements and Annual "Rn Concentrations in Statewide Surveys, 
Health Physics, 60: 523; 1990. 

White, S.B.; Alexander, B.V.; Rodman, N.F. Predicting the Annual Concentration of Â¡'R From One or More 
Short-Term Measurements, Health Physics, 66: 55; 1994. 

White, S.B.; Bergsten, J.W.; Alexander, B.V.; Rodman, N.F.: Phillips, J.L. Indoor "Rn Concentrations in a 
Probability Sample of 43,000 Houses Across 30 States, Health Physics, 62: 41; 1992. 

1995 International Radon Symposium IVP - 3.9 


