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Abstract. Domestic radon concentrations in temperate regions exhibit seasonal variability, driven principally by 
atmospheric pressure difference between indoors and outdoors. Typically, weather conditions change relatively 
rapidly in Spring and Autumn, and these changes can be different from year to year. As lung-cancer risk increases 
with total radon exposure, the preferred excess risk measure is the long-term mean radon concentration; in the 
United Kingdom, (UK), this is derived from 1-month or 3-month measurements by application of a Seasonal 
Correction Factor (SCF), a numerical multiplier reflecting the measurement duration and its month of 
commencement. Some authors consider that, because of the increased variability in Spring and Autumn, it is 
inappropriate to make radon measurements, particularly of short duration, in these seasons. We report a 
comparison of rapid assessment techniques with the UK standard 3-month exposure for domestic radon 
concentrations, based on evaluation of the relative effectiveness of one-week, one-month and three-month 
exposures over a period of one year in Northamptonshire, a designated Radon Affected Area in the UK. 
Measurements were made using dose-integrating detectors in 34 homes of typical UK construction, 
brick/block/stone walls under pitched tile/slate roof. In each house, the  exposure protocols comprised: 
1. Four consecutive 90-day exposures (Track-Etch). 
2. Twelve consecutive 30-day exposures (Track-Etch), paralleling the 90-day exposures. 
3. Twelve 7-day exposures at monthly intervals, paralleling the 90-day and 30-day exposures (co-sited 

simultaneous Track-Etch, Electret and Activated-Charcoal). 
Analysis of the results of the year-long programme did not show any greater variability in the 7-day measurements 
made in Spring and Autumn, than in Summer and Winter. Therefore, although short-term measurements in the 
U.K. have a generally greater variability than 3-month measurements, and their use must therefore be selected 
with care, they are generally no less reliable in some seasons than in others. 
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1 Introduction 

1.1 Radon and Lung Cancer 

Radon is a naturally-occurring radioactive noble gas, having variable distribution in the geological 
environment as a decay product of uranium found, in differing degrees, in a wide range of rocks and 
soils, and in building materials incorporating or manufactured from these materials. Emanation and 
migration of radon in rocks and soils are controlled by the distribution and localisation of precursor 
radionuclides in mineral grains and their coatings, together with water content, rock fragmentation and 
soil stratification. As soil characteristics are influenced by changes in meteorological conditions, 
temporal variations of soil-gas radon concentration are widely observed [1]. Although radon dissipates 
rapidly once in outdoor air, it can concentrate in the built environment, where it contributes around 
50% to the average background radiation dose received by the United Kingdom (UK) population [2]. 
For UK dwellings, the mean radon level is approximately 20 Bq·m-3, compared to 4 Bq·m-3 in outside 
air [3], but levels up to 17,000 Bq·m-3 have been found in homes in the West of England [4]. 

Of the three naturally occurring isotopes of radon, 222Rn is the most significant, its relatively long half-
life (t1/2 = 3.8 days) enabling it to migrate significant distances within the geological environment 
before decaying. 222Rn decays by α-emission to 218Po and thence to 214Po, both α-emitters, the final 
decay product being the stable lead isotope 206Pb. These heavy-metal daughter-products are highly 
toxic and are readily adsorbed onto atmospheric particles, posing a significant health hazard. 
Inhalation of 222Rn, and its α-emitting progeny 218Po and 214Po, is believed [5] to provide the majority 
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of the radiation dose received by the respiratory system, and it is estimated that the annual mortality 
from exposure to radon in buildings represents 9% of all deaths from lung cancer, and 2% of all cancer 
deaths, in Europe [6]. Since the total annual UK lung cancer mortality is between 30,000 and 35,000 
[7], between 1,800 and 2,100 deaths annually may be attributable to radon and its progeny. 

The principal contributors to indoor radon concentrations in UK dwellings are soil-gas emanating 
from the ground beneath the dwelling [8], and the materials from which the dwelling is constructed 
[9,10,11]. Further small contributions include the atmospheric background, with a mean population-
weighted level of 4 Bq·m-3 [3], household water supplies, particularly those derived from wells and 
boreholes [12], and domestic gas supplies [13]. Entry of radon into a dwelling from the soil-gas is 
influenced by a number of factors [14]. These include the radon concentration in the soil-gas itself, 
soil moisture content and ground permeability, and environmental and meteorological conditions in 
the vicinity of the dwelling [15], together with the nature of the physical entry routes into the dwelling. 
Overall, the ultimate driving influences are the absolute pressure difference between the radon source 
and the earth’s surface, and the under-pressure caused by temperature differences between the 
dwelling interior and the external atmosphere, the 'stack effect' [16]. In a recent study by our group, 
atmospheric pressure was identified as determining the general long-term trend in radon levels whilst 
water vapour pressure has a shorter-term influence [17]. 

1.2 Seasonal Variability 

Indoor radon levels are subject to a number of variations. In addition to a well-defined daily cycle, 
with night-time levels greater than those experienced in daytime [16], other longer cycles are evident, 
related to occupancy [18], meteorological conditions [19] and seasonal factors [20], with levels 
generally higher in winter than summer. As lung cancer risk increases with increasing total radon 
exposure, the preferred measure of this risk is the long-term average radon level. The current UK 
recommendation specifies three-month measurements together with the application of a Seasonal 
Correction Factor (SCF) [20]. 

1.3 Value of Short-Term Radon Measurements 

In some circumstances, particularly during the house-sale process or when confirming that safety 
measures in new homes are satisfactory, a measurement extending over three months is impractical or 
inappropriate. The question then arises as to whether short-term measurements, although probably less 
reliable, have sufficient value to be of use. As part of a detailed study into the viability of using short-
term radon measurements to quantify mean annual radon concentrations [21], 34 unremediated 
dwellings of typical UK construction (brick/stone/block walls under pitched tile/slate roof), known to 
have moderately high radon levels in a high-radon area around Northampton, UK, and comprising a 
mix of house age and type, were monitored during the period April 2002 to May 2003. This study 
demonstrated that the different detector types had comparable performance and commented on the 
potential use of 1-week exposures [22]. However, the temporal/seasonal variability of radon 
concentration was found to depart significantly from that expected on the basis of the Seasonal 
Correction Factor set recommended by the UK Health Protection Agency (HPA) [3], and further 
research of this topic was indicated. Some aspects of this are reported here. 

2 Methodology 

The overall methodology of the study has been reported in detail elsewhere [21]. 

2.1 Radon Detector Selection 

Dose-integrating radon detectors were procured from suppliers who had submitted detectors to the UK 
National Radiological Protection Board (NRPB) Inter-Comparison of Passive Radon Detectors [23]. 
The final detector inventory comprised 1400 Track-Etch detectors [24] from two different suppliers, 
600 Activated Charcoal detectors [25] and 50 Electrets [ 26]. In all, over 2,000 exposures were made. 
Best practice was employed at all times in respect of detector handling and analysis, the majority of 
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devices being placed and collected by trained technical staff, ensuring data rigour and resulting in a 
return rate close to unity. 

2.2 Study Sites 

Northamptonshire, a predominantly rural county in the English Midlands, is situated largely on 
Jurassic (200 million years old) bedrock [27,28], comprising two distinct series, the Lias clays and the 
Oolites (limestone and ironstone). The regions of highest radon production are associated with the 
Northampton Sand Ironstone (which contains significant amounts of phosphorus and associated 
uranium underlain with phosphorus-rich pebbles); the Upper Lincolnshire Limestone; and the glacial 
sands and gravels associated with these horizons. In addition, Northamptonshire soils are relatively 
permeable, permitting significant soil-gas movement. The county was declared a radon Affected Area 
in 1992 [29] and has an estimated average 6.3% of homes above the UK domestic Action Level [30].  

34 unremediated dwellings, known to have moderately high radon levels in a designated Radon 
Affected Area in the vicinity of Northampton, UK, and comprising a mix of house age and type, were 
monitored during the period April 2002 to May 2003. The majority of the dwellings studied were 
situated on the Northampton Sand Ironstone [27,28]. Of the 34 dwellings investigated, 20 were 
monitored for a full year; the remaining properties were monitored for periods of nine months (four 
properties), six months (six properties) or three months (four properties). In addition, one-week 
measurements were made in all properties at six to eight week intervals, using co-located sets of 
Track-Etch, Activated Charcoal and Electret detectors exposed simultaneously. In three properties, 
further comparisons were made with continuous-reading (RAD-7) systems over periods of up to six 
months. To ensure reliable correlation, short-term detector exposures were performed in the immediate 
vicinity of the RAD-7 systems. 

2.3 Detector Management 

Detectors were exposed according to the NRPB protocol [3]. This protocol uses two detectors, one 
placed in the main living room (generally downstairs) and one in the main bedroom (usually upstairs), 
care being taken to avoid areas of high relative humidity, e.g. kitchens or bathrooms. The protocol 
calculates a weighted average of the two readings, the bedroom being assigned weighting of 0.55, the 
living room 0.45, reflecting relative occupancies. Within each three-month period, each home had: 

• one three-month (90-day) Track-Etch exposure 

• three consecutive one-month (30-day) Track-Etch exposures 

• several one-week (7-day), Track-Etch, Activated Charcoal and Electret exposures 

with detectors placed in both the living room and the main bedroom in each case. 

2.4 Data Processing 

For each property, time-matched results from 1-week, 1-month and 3-month detectors were collated 
and ratios of 1-week to 1-month and 1-week to 3-month exposures were calculated, with 1-week 
measurements being referred to the month or quarter at which the detector exposure commenced. 
Since not all of the properties participating in the study were monitored for the full 12-month 
experimental period, the number of results available for analysis varies from month to month.  

3 Results 

3.1 Detector Technology Selection 

Analysis of the one-week detector outcomes, reported elsewhere at this Conference [31], leads to the 
following conclusions: 
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• Track-Etch detectors represent time-averaged real-time radon extremely well (gradient = 1.01), 
exhibiting extremely good linearity (correlation coefficient = 0.99) with moderate background 
offset (35 Bq·m-3). 

• Electret detectors represent time-averaged real-time radon relatively well (gradient = 0.97), with 
good linearity (gradient = 1.07) but have significant background offset (105 Bq·m-3). 

• Activated Charcoal detectors have the smallest background offset, 1.24 Bq·m-3, with good 
linearity (correlation coefficient = 0.98). 

For consistency, and particularly since the presence of background offsets would significantly perturb 
the results of ratio calculations, subsequent analysis was restricted to Track-Etch detectors. 

3.2 Week-to-Month Ratio (W/M) 

Figure 1 shows the variability of the Week-to-Month ratio (W/M) among the relevant properties in the 
study population through the course of the study period May 2002 to April 2003. Table 1 presents a 
statistical analysis on a monthly basis, and for the entire twelve-month study period. Over this period, 
the mean of 188 determinations is 1.3580 (95% C.I. = 0.0213). Although significant variability exists 
amongst the ratios determined in any particular month, overall, the monthly average figures remain 
relatively unchanged during the course of the year. 

Figure 1: Variability of Week-to-Month ratio (W/M) throughout study period May 2002 to April 2003 
solid diamonds: individual ratio determinations 
solid line: monthly arithmetic mean 
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Table 1: Week-to-Month ratio (W/M) statistics 

Month Arithmetic 
Mean 

Geometric 
Mean 

Standard 
Deviation 

Count 95% CI 

May 2002 1.6706 1.6214 0.4416 8 0.3060 
Jun 2002 - - - - - 
Jul 2002 1.3455 1.2842 0.3905 10 0.2420 
Aug 2002 1.3798 1.3505 0.3087 11 0.1824 
Sep 2002 1.3059 1.2275 0.4776 39 0.1499 
Oct 2002 1.2681 1.1988 0.4357 56 0.1141 
Nov 2002 1.3097 1.2662 0.3524 19 0.1585 
Dec 2002 1.1154 1.0304 0.4731 12 0.2677 
Jan 2003 1.3928 1.2683 0.7357 24 0.2943 
Feb 2003 1.4344 1.1469 1.2193 9 0.7966 
Mar 2003 - - - - - 
Apr 2003 - - - - - 
Mean 1.3580  0.1489 188 0.0213 

 

3.3 Week-to-Quarter Ratio (W/Q) 

Figure 2 shows the variability of the Week-to-Quarter ratio (W/Q) among the relevant properties in the 
study population through the course of the study period May 2002 to April 2003. Table 2 presents a 
statistical analysis on a monthly basis, and for the entire twelve-month study period. Over this period, 
the mean of 165 determinations is 1.3036 (95% C.I. = 0.0369). As with W/M, substantial variability 
during any particular month is not reflected in significant month-to-month variation in the average 
ratio. 

Figure 2: Variability of Week-to-Quarter ratio (W/Q) throughout study period May 2002 to April 
2003 
solid diamonds: individual ratio determinations 
solid line: monthly arithmetic mean 
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Table 2: Week-to-Quarter ratio (W/Q) statistics 

Month Arithmetic 
Mean 

Geometric 
Mean 

Standard 
Deviation 

Count 95% CI 

May 2002 1.6900 1.6492 0.3977 8 0.2756 
Jun 2002 - - - - - 
Jul 2002 1.3514 1.1988 0.6384 10 0.3957 
Aug 2002 1.2882 1.1651 0.6031 11 0.3564 
Sep 2002 1.3845 1.2819 0.5439 39 0.1707 
Oct 2002 1.4532 1.3529 0.5861 56 0.1535 
Nov 2002 1.3261 1.2498 0.5095 13 0.2770 
Dec 2002 0.7780 0.7298 0.3039 3 0.3439 
Jan 2003 1.2171 1.1318 0.5526 16 0.2708 
Feb 2003 1.2436 1.1881 0.4284 9 0.2799 
Mar 2003 - - - - - 
Apr 2003 - - - - - 
Mean 1.3036  0.2420 165 0.0369 

 

3.4 Month-to-Quarter Ratio (M/Q) 

Figure 3 shows the variability of the Month-to-Quarter ratio (M/Q) among the relevant properties in 
the study population through the course of the study period May 2002 to April 2003. Table 3 presents 
a statistical analysis on a monthly basis, and for the entire twelve-month study period. Over this 
period, the mean of 165 determinations is 1.1112 (95% C.I. = 0.0199). Again, month-to-month 
variability in the mean ratio is relatively slight, although property-to-property variability during any 
particular month may be significant. 

Figure 3: Variability of Month-to-Quarter ratio (M/Q) throughout study period May 2002 to April 
2003 
solid diamonds: individual ratio determinations 
solid line: monthly arithmetic mean 
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Table 3: Month-to-Quarter ratio (M/Q) statistics 

Month Arithmetic 
Mean 

Geometric 
Mean 

Standard 
Deviation 

Count 95% CI 

May 2002 1.0271 1.0172 0.1550 8 0.1074 
Jun 2002 - - - - - 
Jul 2002 0.9810 0.9335 0.3440 10 0.2132 
Aug 2002 0.9269 0.8627 0.3595 11 0.2125 
Sep 2002 1.0933 1.0444 0.4450 39 0.1396 
Oct 2002 1.1678 1.1285 0.2991 56 0.0783 
Nov 2002 1.0871 1.0583 0.2506 28 0.0928 
Dec 2002 1.0982 1.0865 0.1804 5 0.1582 
Jan 2003 0.9725 0.9451 0.2265 16 0.1110 
Feb 2003 1.3012 1.1971 0.5245 24 0.2098 
Mar 2003 1.1204 1.0805 0.3192 24 0.1277 
Apr 2003 1.4471 1.4471 0.0000 3 0.0000 
Mean 1.1112  0.1518 224 0.0199 

 

4 Discussion 

4.1 Detector Performance 

All detector systems exhibited good linearity with mean radon level during exposure and all appeared 
intrinsically suitable for use in Domestic and Workplace applications. As might be expected, short-
Term (i.e. one-week) exposures exhibit much greater variability, almost entirely due to the wide 
variation in radon levels responding to climatic and other factors, and in a practical situation, a higher 
proportion of one-week exposures will be found to equivocal than of one-month or three-month 
exposures, necessitating repeat exposures [22]. For individual one-week Track-Etch measurement 
outcomes less than 75 Bq·m-3, the annual average is guaranteed (95% confidence) to be below the UK 
domestic Action Level (200 Bq.m-3), in good agreement with the NRPB recommendation [32] that "if 
a well-conducted measurement yields a result of 75 Bq.m-3 or less, it can be taken as very likely that 
the true annual average does not exceed the Action Level of 200 Bq·m-3". 

4.2 Seasonal Variability 

Figures 1, 2 and 3 demonstrate the relatively limited seasonal variability exhibited by the Week-to-
Month, Week-to-Quarter and Month-to-Quarter ratios respectively, while Table 4 collects certain 
statistical results characterising the ratio data, as detailed in Tables 1, 2 and 3. For ease of comparison, 
the Table also indicates the corresponding ratio of measurement periods, designated the Time Ratio, 
calculated on the basis that a week comprises 7 days, a Month averages 30 days and a Quarter 
averages 90 days. 

Table 4: Summary of statistical analysis of detector outcome ratios 

Ratio Time Ratio Mean St. Dev. 95% CI Count 
Week-to-Quarter 0.08 1.3060 0.2420 0.0369 165 
Week-to-Month 0.25 1.3580 0.1489 0.0213 188 
Month-to-Quarter 0.33 1.1112 0.1518 0.0199 224 

 

Table 5 summarises the variability of mean ratios between three-month periods approximating to the 
traditional seasons, Spring, Summer, Autumn and Winter. A number of trends can be identified. 
Firstly, as indicated, each of the three ratios, W/M, W/Q and M/Q remains approximately constant 
when averaged across three-month periods approximating to traditional seasons. Secondly, 95% C.I. 
decreases with increasing Time Ratio, confirming that as the numerator measuring period approaches 
that of the denominator, the annual variability in the ratio of the two types of measurements decreases, 
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as might be intuitively suspected. Finally, and again intuitively, when referred to the standard Quarter 
measurement period, the ratio tends towards to unity as measurement period increases, being 1.306 for 
1-week measurements and 1.111 for 1-month measurements. 

Table 5: Variability of mean ratios with Season 

 Spring-Summer 
May-Jul 

Summer-Autumn
Aug-Oct 

Autumn-Winter 
Nov-Jan 

Winter-Spring 
Feb-Apr 

Week-to-Month 1.490 1.294 1.304 1.434 
Week-to-Quarter 1.502 1.411 1.220 1.244 
Month-to-Quarter 1.001 1.115 1.051 1.225 

 

For comparison, Table 6 shows the corresponding behaviour exhibited by the standard UK set of 
Seasonal Correction factors, reported by Woods et al. [33], who tabulated results at one-month 
intervals from 1 month to 11 months. Although this tabulation did not include correction factors for 1-
week exposures, it did include data for 3-day exposures, and these have been used instead as an 
example of a short measurement period. The differences in behaviour are significant. The values for 
95% C.I., although consistently significantly larger than those found in the results reported in Table 4, 
are also relatively constant, varying by no more than 20%, whereas the range found in the present 
study is around 85%. The mean Month-Quarter ratio is essentially unity, compared with 1.11 in the 
study results. 

Table 6: Summary of statistical analysis of published seasonal correction factor data [33] 

Ratio Time Ratio Mean St. Dev. 95% CI 
3-day-to-Quarter 0.03 1.2133 0.1818 0.1029 
3-day-to-Month 0.10 1.2215 0.1407 0.0796 
Month-to-Quarter 0.33 1.0039 0.1777 0.1005 

 

4.3 Reproducibility 

Although the present study was essentially comparative, being based on integrating detectors procured 
from a number of validated suppliers, one element, namely two RAD-7 systems deployed throughout 
the study, had been calibrated immediately prior to the study, and were therefore considered to be 
reliable secondary standards. While acknowledging that a perfect set of comparative measurements 
obtained using two methods might simply result from the two methods being equally biased, in 
practice this is unlikely, and the ratios reported here are believed to be representative and consistent. 

4.4 Perturbing Influences 

During the course of the study, short-term measurements, particularly of one-week duration, were 
identified as being potentially perturbed by tidal effects associated with crustal Earth-Tides [34] and, 
since the UK is a relatively small island significantly influenced by the Atlantic Ocean, Ocean Tidal 
Loading [35], and recommendations were made regarding the timing of 7-day measurements relative 
to the fundamental 14-day (Spring to Neap) tidal period [36,37]. Although these effects will have the 
effect of increasing the variance associated with the detector response ratios, the effect will be the 
same for all detectors and differences in overall variance remain attributable to differences in detector 
response. These effects only affect one-week measurements; any measurement period which is an 
integer multiple of the two-weekly tidal cycle will average out any such effects. 

5 Conclusions 

To confirm the reliability of 1-week and 1-month exposures as surrogates for longer-term domestic 
radon measurements, thirty-four unremediated dwellings in a high-radon area were monitored using 
Track-Etch detectors exposed for 1-month and 3-month periods. In parallel, 1-week measurements 
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were made at 1-month intervals using co-located Track-Etch, Charcoal and Electret detectors exposed 
simultaneously; three homes were also monitored by continuous-sampling detectors at hourly intervals 
for extended periods. Calibration of dose-integrating devices against each other and against recently-
calibrated secondary-standard electronic monitors confirmed responsivity and linearity. 

Using the results of this investigation, seasonal variability of the ratios of shorter measurement period 
outcomes to 3-month outcomes was investigated. In general, little seasonal variability was observed, 
providing further confirmation that short-term measurements may provide realistic surrogates for 
conventional 3-month measurements. Further analysis failed to show any greater variability in the 7-
day measurements made in Spring and Autumn, than in Summer and Winter. Therefore, although 
short-term measurements have a generally greater variability than 3-month measurements, and their 
use must therefore be selected with care, they are no less reliable in any one season. 
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