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Abstract. Northern Hemisphere radon levels are generally higher in Winter than in Summer, primarily due to 
the increased interior/exterior temperature difference during the heating season, which results in greater 
atmospheric pressure differential and enhanced radon ingress. Following a survey of domestic radon levels in the 
United Kingdom (UK), the former National Radiological Protection Board (NRPB) established measurement 
protocols and promulgated nationally-applicable Seasonal Correction Factors (SCF). These factors convert a 
one-month or three-month radon concentration measurement, commencing in any month of the year, to an 
annual mean radon concentration. Subsequent study suggests that this approach may not be sufficiently sensitive 
to local conditions, and a major independent investigation reported seasonal correction factors specific to nine 
geographic regions, together with a composite set applicable to all regions. Similar geographical variability has 
been observed in other countries. In a recent evaluation of the applicability of short-term exposures in 
quantifying long-term domestic radon levels, radon levels in 34 houses were monitored over a 12-month period 
with 1-week, 1-month and 3-month exposures. Radon concentration variation departed significantly from that 
expected on the basis of the recommended SCFs, with year-end discontinuities at all exposure durations. Weekly 
monitoring with electrets was continued in three of these locations for four years. Short-term variations in radon 
levels were observed, particularly during the shorter exposures, and this dataset has also shown year-on-year 
variations. Overall, SCFs derived from this dataset are significantly lower than those recommended, but are 
comparable with other results from the UK and elsewhere, particularly those that recognise geological diversity 
and are consequently prepared on a regional rather than a national basis. These findings call into question the 
validity of using nationally-aggregated Seasonal Correction Factors, particularly for shorter exposures, and the 
universal applicability of such corrections is discussed in detail. 
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1 Introduction 

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. 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]. Increasing 
radon exposure is linked to an increased risk of lung cancer [3,4,5]. It is further 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 [4]. 

Indoor domestic radon concentration levels are subject to a number of variational influences, being 
generally higher at night than during the day, as a consequence of reduced activity in the home, and 
generally higher in Winter than in Summer, the increased interior/exterior temperature difference 
during the heating season resulting in greater atmospheric pressure differential and enhanced radon 
ingress via the stack effect [6]. In addition to the natural daily cycle, longer periodicities are evident, 
related to other causes. These include: external temperature [7,8]; barometric pressure; wind direction 
[7]; rainfall [9]; occupancy patterns [10]; seismic events [11]; tidal effects, including ocean tidal 
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loading and earth-tides [12]; and the underlying geology [13,14]. As a direct consequence of the 
interaction of these multiple influences, domestic radon concentrations generally demonstrate complex 
diurnal patterns. In the workplace, air-conditioning [15] and wet central-heating [16] have been 
identified as additional factors influencing radon concentration. Miles [7] argues that variable outdoor 
temperature, and hence variable pressure difference between indoors and outdoors, is responsible for 
the seasonal variation in radon concentration. Since the risk of lung-cancer increases with increasing 
radon exposure [3], the preferred measure of this excess risk is the long-term average radon level 
which requires the application of a Seasonal Correction Factor (SCF) [17] to estimate the annual 
average radon level from a short term measurement. 

The current UK recommendation, provided by the Radiation Protection Division of the Health 
Protection Agency (HPA-RPD), formerly the National Radiological Protection Board (NRPB), is the 
use of three-month measurements in conjunction with the application of a Seasonal Correction Factor 
[17]. This is a multiplying factor, derived from a large set of measurements in UK homes and 
reflecting both the length of the measurement and its month of commencement, applied to the 
measured short-term radon concentration in order to derive a meaningful annual mean concentration 
for dose-estimation purposes. 

Seasonal Correction Factors for three-month radon measurements are generally derived from 
consideration of the average variation of radon concentration in a large number of houses, assuming 
periodic annual, typically sinusoidal, variation [17]. In the UK, the original Seasonal Correction 
Factors were derived from two consecutive 6-month measurements carried out in 2,300 homes, with a 
geographical distribution reflecting the UK population distribution [18]. A subset of this data was 
subsequently re-analysed in 1994 [19] in order to determine the uncertainty associated with the 
published factors, with further subsequent refinements, among them the derivation of sets of 
correction factors for exposures ranging in duration from 1 month to 11 months, being reported as the 
available database grew [20]. 

Pinel et al. [17] argued that a single set of factors might not be applicable across the UK because of  
significant geological variability across the UK. In an extensive independent investigation, the United 
Kingdom Childhood Cancer (UKCC) Study reported correction factors for 6-month exposures specific 
to nine regions of Great Britain, together with a composite set applicable to all regions [21], 
effectively confirming the analysis by Pinel et al. [17]. Similar seasonal variations have been 
demonstrated in many other countries, including Ireland [22], France [23], Poland [24] and Japan [25]. 

As part of an ongoing study into the health effects of environmental radon gas, our group carried out a 
year-long study [26] of radon levels in a set of houses situated on radon-rich geology in 
Northamptonshire, which is largely Jurassic bedrock [27]. Northamptonshire soils are relatively 
permeable, permitting significant soil-gas movement. The study, which addressed the comparative 
behaviour of a number of types of commercially-available dose-integrating radon detector, 
demonstrated that the different detector types had comparable performance. The temporal/seasonal 
variability of radon concentration was studied. 

Following completion of the principal project, operation of electret detectors continued in four of the 
test houses for four further years. The availability of this extended dataset has confirmed the earlier 
indications that seasonal variability in indoor radon concentration cannot be represented by a single, 
nationally-applicable, seasonal correction scheme. The implications of the results are discussed and 
recommendations arising from them, particularly the value of making a seasonal correction, are made. 

2 Methods 

As part of a detailed study into the validity of short-term radon measurements [26], 34 unremediated 
domestic dwellings of mixed age and type, situated in a high radon area around Northampton, UK, and 
known to have moderately high radon levels, were continuously monitored during the period April 
2002 to May 2003, using Track-Etch detectors for four consecutive three-month periods and 
simultaneously for twelve consecutive one-month periods. In addition, one-week measurements were 
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made at approximately one-month intervals, using co-located sets of Track-Etch, Activated Charcoal 
and Electret detectors exposed simultaneously. In three of the properties, further comparisons were 
made using continuous hourly monitoring (Durridge RAD-7 †). Full details of this study have already 
been reported [26,28]. 

Following this intensive 12-month study, monitoring with electrets continued in four of these houses 
(designated E1/E2/E3/E4)), with radon concentrations being logged at weekly intervals. The houses 
were near-identical 4-bedroom detached dwellings, built in 1988 of brick and block-work, with 
concrete ground-floor and double-glazed windows, situated close to each other in the same street on 
Northampton Sand geology [28]. No structural changes were made in any of the houses during the 
monitoring period. 

3 Results 

3.1 Short-Term Variations 

Short-term radon concentration variation was observed throughout the study, of which Figure 1 gives 
two typical examples. Figure 1(a) shows hourly variations during a randomly-selected period of one 
week by the RAD-7 system operating in House A during the initial study [26], showing the diurnal 
order-of-magnitude range, typically observed in real-time measurements but masked in time-averaged 
determinations. Figure 1(b) shows typical mean weekly radon concentrations derived from RAD-7 
monitoring in the three houses A/B/C over a 40-week period [26], normalised to the overall mean for 
each house to enable comparison. 

Figure 1: Examples of typical short-term radon concentration variability. 

 

As reported elsewhere [26], it was concluded that each technology could adequately assess the radon 
levels, and that the large variations in weekly readings were due to meteorological and other factors. 

3.2 One Month (28-Day) and Three-Month (90 Day) Measurements 

The Seasonal Correction Factor is a numerical multiplier used to convert short-term radon 
concentration measurement to an annual average concentration, and is thus the reciprocal of the 
individual normalised radon concentration for the time period under consideration. Figure 2 shows 
effective Seasonal Correction Factors derived from one-month and three-month exposures in the initial 
set of 34 houses, calculated from the mean normalised (relative to the annual mean for each house) 
radon concentrations for all houses taking part, referred to the month of commencing the exposure. 
The error bars quantify the 95% confidence limits of the data for each month, reflecting the variability 
of the measurements from 34 houses and the errors implicit in measurements of this type. The plots 
also include the NRPB Seasonal Correction Factor for appropriate exposure length [7,19,]. 

                                                 
† Durridge Co., 7 Railroad Avenue, Bedford, MA 01730, USA 



 4

Figure 2: Effective Seasonal Correction Factors derived from one-month and three-month 
exposures in set of 34 houses, by start month of measurement, with 95% Confidence 
Intervals, together with the appropriate NRPB Seasonal Correction Factor. 

 

Over the period May 2002 to April 2003, both the combined one-month and three-month seasonal 
variations in Track-Etch outcomes do not fully match the cyclical behaviour of the Seasonal 
Correction Factor, although some individual values do lie within the 95% confidence limits. Both 
show evidence of a discontinuity between April (of 2003) and May (of 2002). 

Of the houses studied, a significant number had previously been tested for radon by the NRPB using 
the standard 3-month protocol. Analysis of the 3-month outcomes revealed noticeable changes in 
radon over the period between NRPB assessment and the present study, with some 65% of the houses 
surveyed experiencing increased radon levels. Similar behaviour has been reported by other workers 
[29]. 

3.3 Long Term Electret Series 

For the four houses selected for extended study (E1-E4), electrets continued to be placed for one-week 
exposures. 

Figure 3: Monthly average radon concentrations in the four homes of the Electret series – 
individual annual variation and average over whole investigation period with 95% 
Confidence Intervals: (a) House E1; (b) House E2; (c) House E3; (d) House E4 
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Figure 3 shows the variation of monthly average radon concentrations for each house throughout the 
study period, presented as plots of the four yearly data series together with monthly mean figures. The 
limited number of data-sets available means that the 95% confidence limits for each month are 
essentially identical to the corresponding extreme data points. 

Based on this data, Figure 4 shows the average one-month Seasonal Correction Factor for the set of 
four houses (95% confidence factors range from 0.03 in December to 0.13 in August), and the NRPB 
Seasonal Correction Factor for one-month exposures [20]. 

Figure 4: Mean Seasonal Correction Factors for 1-month exposures derived from four houses in 
Brixworth, Northamptonshire, together with the corresponding NRPB Seasonal 
Correction Factor. 

 

4 Discussion 

4.1 Temporal Variability of Indoor Radon 

Application of a Seasonal Correction Factor implies repetition of the seasonal conditions affecting 
radon emanation with an annual periodicity. As shown in Figure 2, our main data series demonstrate a 
lack of cyclical continuity in the variation of average radon level, with a general disjoint in radon 
levels between the figures for the months of April (2003) and May (2002). This behaviour is repeated 
throughout the Electret series, as shown in detail in Figure 4. Houses E1 and E3 show higher levels in 
Spring 2003 than in the corresponding season of 2004, while E2 and E4 have significant peak levels in 
October 2002. 

The significant year-on-year variability, illustrated in Figure 3, suggests the presence of non-cyclic 
influences, possibly climatological, and analysis of the radon time-series gathered during the main 
project to which the present study was appended confirmed the potential influence of climate on 
domestic radon levels [12]. Similar behaviour has been observed by other workers. Mose et al. [9] 
found that radon levels in Virginia, USA, were 30% higher in Summer 1988 than in Summer 1987 due 
to heavy rain and that, contrary to the general expectation, Summer 1988 levels were higher than those 
of Winter 1987/8. Martz et al. [30] studied 25 houses in Colorado from 1984 to 1990, finding a mean 
coefficient of variation of 25%, with individual houses varying between 7.7% and 51%. In Hungary, 
Papp et al. [31] demonstrated year-on-year variability of up to 30%, correlating domestic radon with 
soil moisture, sunshine duration and snow coverage, but noting also the long-term impact of fuel 
prices (via enhanced insulation) and changing building technologies. Finally, a house in Minnesota, 
USA, studied by Steck et al. [29] for 20 years, has demonstrated a steady increase in the annual 
average radon level from around 100 Bq·m-3 in 1982 to over 200 Bq·m-3 in 2003, with a coefficient of 
variation of 29%. 

Averaging the data from a number of sequential years tends to smooth the seasonal variability, with 
the outcome more closely resembling the NRPB seasonal variation. However the variability over a 
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year (coefficient of variation 9.8%) is significantly less than that implicit in the NPRB series (30.5%), 
and is comparable to the average variation for all regions of France (7.7%) [24], and for Poland (9.3%) 
[24], as shown in Figure 5(a). 

Although the NRPB protocol recommends 3-month exposures, and provides a single set of 
corresponding Seasonal Correction Factors for use throughout the UK, region-specific Seasonal 
Correction Factors for 6-month exposures have been reported for both the UK [21] and for parts of 
France [23]. A selection of these results, together with data from the Electret series recalculated for 6-
month exposures, and the NRPB values for 6-month exposures are presented in Figure 5(b). 

Figure 5: Mean Seasonal Correction Factors for 3-month and 6-month exposures derived from four 
homes in Brixworth, Northamptonshire.  
(a) 3-months exposures together with corresponding NRPB Seasonal Correction Factors 
and reported values from France and Poland.  
(b) 6-months exposures together with corresponding NRPB Seasonal Correction Factors 
and reported values from selected regions of the UK (UKCC study) and France. 

 

4.2 Variation with Mean Radon Concentration 

The four houses in the Electret series, although situated in the same street, show two markedly 
differing patterns, demonstrated in Figure 6. 

Figure 6: Seasonal Correction Factors for 1-month exposures from 'low-radon' (~100 Bq.m-3) and 
'high-radon' (>200 Bq.m-3) homes in Brixworth, Northamptonshire, together with 
corresponding NRPB Seasonal Correction Factors. 

 

Houses E2 and E4 (mean annual concentration around 100 Bq·m-3) show relatively modest 
coefficients of variation of the order of 9.0%. In contrast, houses E1 and E3 (mean annual 
concentration around 240 Bq·m-3), exhibit higher coefficients of variation, 16.3%. These levels of 
variation are significantly less than the variation of 36.6% implied by the NRPB figures. 
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Pinel et al. [17] did not detect any difference in the seasonal variation of their 6-month measurement 
series from UK homes above and below the 67 Bq·m-3 median radon concentration in their data-set. 
Gunby et al. [32] showed that the nature of the building materials used for both walls and floors in the 
rooms where radon measurements were made were significant, and commented that building materials 
may be responsible for 20 – 50% of the radon in an average UK dwelling. More recently, Ettenhuber 
et al. [33] noted that radon emanating from building materials accounts for some 10 to 70 Bq·m-3 in 
German homes, while Sugino et al. [25] have demonstrated different seasonal variability in wooden 
and concrete houses, with wooden houses exhibiting relatively lower radon levels in Spring. Since it is 
likely that radon emanation from building materials exhibits limited seasonal variability compared to 
radon from the ground, and since the four houses are of nominally identical construction, the 
differences in behaviour between E2/E4 and E1/E3 could be attributed to the higher relative 
contribution from emanation from building materials in low soil-radon situations [34]. 

The seasonal variability in the Electret series is very similar to that of the UKCC South Midlands 
series, unsurprising as Northamptonshire is situated within the South Midlands area. The variation of 
the NRPB 6-month series (coefficient of variation 20.4%) is approximately three times that of both the 
Electret series (6.4%) and the French series (6.8%) and likewise exhibits approximately three times the 
variation of all of the UKCC series (6.4%) except for the Trent Region (26.1%), which itself is 
significantly different from the remainder of the UKCC regional series. The UKCC study gives no 
explanation for this anomaly. The NRPB and French studies consider that the regional differences are 
too modest to require individual regional corrections, but the UKCC study uses regional Seasonal 
Correction Factors for its detailed subsequent assessment. 

4.3 Variability in Individual Houses 

This study has shown variability between individual houses, which limits the applicability of a generic 
Seasonal Correction factor set. House A in our initial study showed significant differences from the 
average for that series, while Houses E1 and E3 in the present study show different patterns to E2 and 
E4. Other studies have also demonstrated individual variation. Paridaens et al. [10] found no diurnal 
variation in radon levels of around 1,800 Bq·m-3 prior to remediation in their study house, but were 
able to detect repetitive diurnal fluctuations following mitigation. Miles [7], in a study of seasonable 
variability in a set of four buildings, showed that while different houses can exhibit markedly different 
relationships between external influences and indoor radon levels, the majority of Northern European 
houses follow a common seasonal pattern, with high Winter radon levels and low Summer levels. 
However, a significant fraction, possibly 10 – 20% in the UK, either exhibits no seasonal variation or 
follows a different pattern. Steck et al. [29] also reported radon concentration time-series where no 
seasonal variation occurs, and suggested that this was related to the presence of air-conditioning in 
their building. 

4.4 Applicability of Seasonal Correction Factors 

With ranges of variation as indicated in the previous sections, the question arises as to whether it is 
useful to apply a Seasonal Correction Factor to any reading. Krewski et al. [35] studied Canadian 
houses using six-month measurements, showing that the use of a locally-calculated Seasonal 
Correction Factor enabled them to distinguish which homes were above or below an action level of 
150 Bq·m-3 with an accuracy of around 85 to 90%. However, with measurement durations of less than 
a month, the natural variability of the measurement, for the many reasons noted above, far exceeds any 
correction by a Seasonal Correction Factor and such corrections are consequently of no added value. 

Comparable indeterminacy has been confirmed in our own work [26], our extensive measurement 
series allowing us to assess whether a short-term result is truly indicative of the long-term average 
radon concentration relative to the domestic Action Level of 200 Bq·m-3. Knowing the mathematical 
distributions of the results (which reflect the responsivity and offset characteristics of individual 
detector types), it is possible to define an 'Equivocal Range' for each detector technology [28]. Results 
below the lower bound of this range confirm, with 95% confidence, that the mean annual radon 
concentration is below the Action Level; results greater than the upper bound similarly confirm that 
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the mean annual concentration exceeds the Action Level. Results falling within the Equivocal Range 
are inconclusive and should be repeated. Table 1 summarises values of the Upper and Lower bounds 
of the Equivocal Ranges for a number of short- and medium-term radon detectors. 

Table 1: Equivocal Ranges for radon detectors at 200 Bq·m-3 Action Level 

 
7-Day 

Electret 
7-Day 

Charcoal 
7-Day 

Track-Etch 
1-Month 

Track-Etch 
3-Month 

Track-Etch 
Lower Bound [Bq·m-3] 59 68 75 109 112 
Upper Bound [Bq·m-3] 667 522 519 478 356 
 

Finally, calculation of Seasonal Correction Factors depends on the assumption that outdoor air has a 
mean radon level of 4 Bq·m-3 with no significant seasonal variation [7]. While this assumption may be 
valid on the large-scale, significant local variations may exist. As long ago as 1958, outdoor radon 
levels were measured at one UK site over a year [36], finding generally higher radon levels in the 
autumn than in the spring. It is unclear if this applies elsewhere in the UK. 

5 Conclusions 

Although Seasonal Correction Factors illustrate the collective variation of radon, the value of applying 
such corrections to individual radon measurements is limited because of the wide variations from the 
norm, both between neighbouring properties and year-on-year within the same property. Short-term 
variations, with timescales of days or weeks, result in short-term measurements of one month or less 
being susceptible to significant variability, which is not resolved by applying a Seasonal Correction 
Factor. Indeed, use of a Seasonal Correction Factor may well confuse the interpretation of the results. 
The variability of three-month exposures is less, and the seasonal corrections are more modest. As a 
result, as Miles [7] suggests, the application of a Seasonal Correction Factor modestly improves the 
accuracy of the result in predicting the long-term risk. However, year-on-year, seasonal and individual 
house variations must be born in mind when interpreting results and, in particular, when comparing 
measurement outcomes to any Action Levels. Further, when there are no Seasonal Correction Factors 
established for a country, extreme care should be taken before applying those of a nearby country. 

Comparison of the long-term Electret study of four houses in Northamptonshire with other published 
studies shows that the average monthly variability in these properties is compatible with that observed 
both regionally and nationally in the UKCC study, and with recent French results, but is of the order of 
50% of the variability implied by the current UK Seasonal Correction Factors. One explanation for 
this is the increased seasonal variability seen at higher annual mean radon levels. This is compatible 
with our demonstration of a baseline radon concentration level derived from radon emanating from 
building materials, which has no seasonal variation and which is the predominant source of radon 
following successful remediation [34]. As the purpose of radon measurements is to detect whether the 
Action Level is exceeded, the most valuable seasonal correction factors would be those established 
from assessment of a series of houses with average radon levels close to the Action Level. 

Seasonal Correction Factors for any particular exposure period are derived by normalisation of the 
measured exposure for that period relative to the annual mean. An annual dose calculated on the basis 
of seasonally-corrected radon exposure for a full year is therefore likely to be directly equivalent to an 
annual dose derived by integrating doses calculated from individual monthly or quarterly exposures, 
provided that this integration is extended to encompass a full year and provided, also, that occupancy 
is constant throughout the year. Use of the annual mean could, however, be misleading in situations 
where occupancy is seasonal. As an example, schools in the UK are typically closed for approximately 
2 months each summer, the period when ambient radon levels are typically at their lowest, In these 
circumstances, use of an annual mean radon concentration derived from Seasonal Correction Factors 
to assess the dose received during the school year could potentially underestimate the actual 
accumulated dose by nearly 10%. However, some school rooms have been shown to have 
anomalously high radon levels when closed [37], and if these results are used to calculate the annual 
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mean radon concentration using Seasonal Correction Factors this could potentially overestimate the 
actual accumulated dose by nearly 100%. 

It is recommended that Seasonal Correction Factors are used for exposures over 3-months, but that 
exposures less than this are interpreted without seasonal correction. Such Seasonal Correction Factors 
should be locally or nationally derived from houses with average radon levels close to the local Action 
Level. 
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