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Abstract

A meteorological database has been developed to aid in the prediction of indoor radon concentrations. in
the United States. The database contains predicted typical monthly meteorological statistics at the county
level derived from hourly meteorological data from 208 (234 for precipitation) geographically. distinct
monitoring stations. Interpolation and extrapolation techniques were used to predict statistics for counties
not containing a meteorological monitoring site. The LBNL database includes statistics for
meteorological variables including dry-bulb temperature, dew-point temperature, barometric pressure,
wind speed, wind direction, hours of precipitation, precipitation, and derived infiltration degree-days. The
database consists of individual files of derived statistics for each weather variable and is potentially useful
for indoor radon modeling as well as for other purposes. Each file contains data values for all 12 months
and an aggregation of the 12 months up to a yearly statistic for all county centroids. A test was conducted
to assess the quality of interpolated values. Examples showing the use of the database for mapping
infiltration degree-days and an application of the database to a statistical correlation analysis attempting

to find meteorological factors influencing indoor radon levels in the United States is discussed.
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Introduction

Indoor radon concentrations among U.S. homes vary substantially from one area of the country to another
(Nero, 1986). For more than a decade it has been recognized that most of the radon in homes arises from
flow of soil gas from underlying soil or rock into home interiors (Nero, 1984), driven primarily by indoor-
outdoor temperature differences, winds, and sometimes operation of heating or cooling systems. Much of
the work on modeling the variability of indoor concentrations, either physically or statistically, has therefore
been directed to investigating the influence of soil radium content, of the permeability of the soil structure
to the transport, entry or removal of radon-bearing air, and of the meteorological variables providing the
driving forces (Nazaroff; 1988).

Substantial efforts have been made to model the physical processes accounting for radon entry into
houses. In recent years attempts have been made to examine the power of regional statistical models, i.e.,
those relating measured indoor concentrations with available data on physical factors, to provide estimates
of local indoor radon concentrations within a region (Nero, 1994, Price et al., 1995). These efforts indicate
the substantial power of, for example, radium data to indicate county geometric mean indoor radon
concentrations. Lawrence Berkeley National Laboratory (LBNL), in cooperation with the U.S. Geological
Survey (USGS) and others, is attempting to examine methods to incorporate a more complete set of data in
such models. As part of this effort, an attempt has been made to utilize data from the National Residential
Radon Survey, conducted in 1989-91 for the U.S. Environmental Protection Agency (Marcinowski, 1994),
to examine the correlation, on a national basis, between indoor radon concentrations and soil, structural, and
meteorological data.

A number of meteorological databases are available for the United States, but few contain the full
range of information of interest from the point of view of building ventilation and indoor air quality. One
database, developed some years ago at LBNL, uses meteorological data as a basis for calculating
“infiltration degree days" (IDD), a variable related to air infiltration into buildings. This metric, analogous
to the more familiar heating or cooling degree days, is used to indicate infiltration-induced energy loads for
heating and cooling (ASHRAE, 1988 and Sherman, 1986). In the present work, an analogous course has

been taken to develop a database of primary meteorological variables, as well as derived variables such as



the IDD, for use in development of a national correlation model for indoor radon concentrations. These
data, provided for each county in the contiguous 48 states may also have application to other indoor—gir—
quality modeling problems, as well as in other areas where meteorological factors are of interest. The
database is available to the scientific community via the World Wide Web and anonymous ﬁle' transfer

protocol (FTP) on the internet.

Methods

The database contains monthly summary statistics of hourly data by U.S. county, derived through
interpolation and extrapolation from two data sets available to the public from the National Oceanic and
Aeronautic Administration: the typical meteorological year (TMY) file set (NOAA, 1981) and the 30-year
Climatological Normals (CCD, NOAA, 1991). The TMY file set is a compilation of hourly measurements
of meteorological variables from different months over the period of January, 1953 through December,
1975, selected to be typical of each month. Precipitation data were derived from the CCD file for

precipitation.

TMY Data

Hourly data from 208 TMY weather stations in the contiguous 48 states of the U.S. were aggregated to
yield monthly statistics. Table 1 lists the monthly statistics computed for each weather variable. These
statistics include monthly arithmetic mean and standard deviation, daytime arithmetic mean and standard
deviation, nighttime arithmetic mean and standard deviation, diurnal swing arithmetic mean and standard
deviation, maximum, minimum, and average hourly swing. Additionally, monthly counts of wind direction-
hours are reported for 8 octants (north, northeast, east, southeast, south, southwest, west, and northwest);
monthly infiltration degree-days (IDD), monthly heating IDD, monthly cooling IDD, monthly counts of
hours of rain, hours of snow, hours of rain-or-snow, and hours of no precipitation (dry) are also reported.
IDD was calculated because it is a physical variable representing the degree to which temperature and
winds cause infiltration into buildings. This metric might serve as an indicator of ventilation rates and/or

radon entry rates.



Statistical measures computed from the meteorological variables for diurnal swing and average
hourly swing are included in Appendix I. Daytime is defined as from 06:00 hr to 18:00 hr. Nighttime is
defined from 18:00 hr to 06:00 hr. Each octant reported for the wind direction is defined as wind coming
from within an angle of 322.5° of that direction. For example the wind direction called North contains
hourly wind direction counts for periods when the wind direction was from north-northwest through north-
northeast.

IDD is calculated according to the ASHRAE method (ASHRAE, 1988; Sherman, 1986). This
quantity has been of interest because it is relates meteorological conditions to the infiltration component of
building heating and cooling loads. Infiltration, defined as the air-flow between a building (ft*/hr or m*/s)
and its exterior, is driven by indoor-outdoor pressure differences caused by wind impingement on building
surfaces and indoor-outdoor temperature differences. The calculation of heating IDD includes
consideration of wind speed and dry-bulb temperatures. In the case of cooling IDD, wet-bulb temperature
is also used in order to calculate the latent heat in moisture in the air. Monthly IDD is the sum of monthly
cooling and heating IDDs. IDD is similar to the more common degree day (the sum of daily average
temperature differences below or above a base temperature, typically 65°F for heating and 75°F for
cooling), except that it is normalized by a factor which accounts for additional energy loads due to

infiltration. This factor, as presented in the ASHRAE method, is the ratio of specific infiltration, s (ft/hr or

m/s), to average specific infiltration, 5, (8400 ft/hr or 0.71 m/s), where:

§= \/fs2|AT| + fiv?
and where

f, = stack factor (1056 ft/hr-°F** or 0.12 m/s-K"?),

f,, = wind factor (0.132, dimensionless),

AT = indoor - outdoor temperature difference (°F or K), and
V = measured wind speed (ft/hr or m/s).

Thus the calculated monthly or yearly IDD reflects the extent to which meteorology effects infiltration.



Infiltration, being a form of building ventilation, plays an important role in the removal of indoor
pollutants from buildings. Furthermore in the context of understanding the mechanisms of entry of a soil
gas such as radon into structures, infiltration is particularly important: a depressurized building substructure
can lead to an inward flow of soil gas through openings at the soil-house interface (Nero, 1984).

Therefore, calculated IDD may be useful in modeling indoor radon concentrations.

CCD Data

Inches of precipitation are derived from 30-year climatological-normals precipitation data from the CCD
data set. This data set contains monthly average precipitation data, including the liquid water equivalent for
snowfall. The meteorological database uses data from 234 weather station sites in the contiguous 48 states
of the U.S. The only precipitation statistic used is the monthly arithmetic mean, since hourly data were not

included in the CCD data set.

Meteorological Data Interpolation and Extrapolation

To suit the meteorological data needs for modeling indoor radon concentrations at any geographic location
in the continental U.S., a bivariate interpolation method was used to create a matrix of interpolated values
~ for each of the statistics for each of the variables described above. The matrix of mapped interpolated
values was created to a resolution of 0.1 degree latitude and 0.1 degree longitude. Extrapolations were
allowed to points in the matrix exterior to the convex hull of the coordinates of the input data. In order to
reduce these data to a usable size, only the interpolated/extrapolated data closest to each county centroid
were retained. In other words, the LBNL meteorological database contains estimates for the meteorological
statistics in Table 1 at each county centroid in the continental U.S. County centroids were calculated from
1990 U.S. Census TIGER File data (U.S. Bureau of Census, 1991). Since an exact interpolation method
was used, original point values are preserved. Therefore, interpolated values for any coordinate which

coincides with a TMY or CCD measurement coordinate are identical to the measured data that were used



for that coordinate. Data at or close to these locations are more reliable than data for a coordinate located at
some distance from the meteorological measurement locations.

A test was devised in order to assess the reliability of the method of interpolation for predicting the
meteorological statistics for a given variable at a location distant from a measurement site. The test
attempts to determine how well measured meteorological variables correlate-with the predicted values for
the given data set. Since all of the available TMYA and CCD data are used as input for the database, no
external data were appropriate for the test, short of creating additional "typical" meteorological data for a
new location. Instead, data points were removed at random from the set of 208 sites (234 for the CCD
data), six sites at a time, and the interpolation was performed without them. The interpolated values for the
removed sites were then compared against the actual (expected) values for those sites. The six resulting
values were then stored and the process was repeated fifteen more times. All sixteen sets of six pairs of
values are combined into a single regression of 96 “actual” values vs. 96 values predicted by interpolation.

Figure 1 presents a selected set of sixteen pairs of data (the lines indicate x=y, a perfect
correlation), for a variable (dry-bulb temperature) having a relatively "smooth” behavior geographically.
Figure 2 presents the combined 96 pairs of data from Figure 1, and the linear least-square best-fit line. If
the interpolation were perfect, the slope of the regression line would be one and the intercept would be zero.
Additionally, the correlation coefficient R? would be 1.0.

The results of this test are presented in Table 2 for each meteorological variable and each of its
statistics for a single winter month. These results suggest which county variables can be reliably predicted

using the interpolation scheme and which should be avoided.

Meteorological Variables Estimated for the EPA National Residential Radon Survey
Locations.

A subset of the database containing the data for counties included in the EPA National Residential Radon
Survey (NRRS) was extracted (Marcinowski, 1992). This subset contains all of the statistics for all of the
variables in Table 1. The “National Residential Radon Survey - Meteorological Set” (NRRS-MET)

contains a record for each of the counties in the NRRS sampled in the in the contiguous 48 states. The data



are the interpolated values for the geometric centroid of each county. An additional set of files using the
same format given in Table 1 contain the TMY data for the Kenai Peninsula, Alaska (Homer Alaska), the
only location in the NRRS not within the contiguous 48 states.

A comparison of the locations of the TMY measurement stations and NRRS sites shows that in
most instances (about 90%) there is a TMY site close to the NRRS monitoring locations. This is not
surprising since the NRRS is a population weighted survey and the TMY sites are usually at or close to
large urban centers. This implies that the NRRS-MET should be relatively accurate in predicting

meteorological conditions at the NRRS sites.

Discussion

Interpolation Reliability Tests.

From an intuitive perspective, the results of Table 2 are not surprising. Those variables which vary only
slowly in space and in time are more likely to be spatially predictable than those which have large variations
locally. For example, average temperature varies quite smoothly with latitude. This is not the case for wind
speed or wind direction, which is much more dependent on local geographic features. It is therefore not
surprising that dry-bulb temperature would produce a good correlation, with a slope close to one and an
intefcept close to zero, whereas the statistics for the test would be poor for windspeed and even poorer for
wind direction. It is also not surprising that standard deviations of the weather variables over a month's
time would not be predicted accurately since local geographical features are more likely to affect variability
within a given time frame.

The results of this crude analysis of the reliability of the interpolation technique for this data set are
not intended to provide an absolute measure of the quality of the interpolated values. However, it should
provide a basis by which one can decide which variables and which of their statistics are reliable enough to
use. The ultimate test, however, will be in the predictive power of these data when they are used in their
intended application, e.g., for prediction of indoor pollutant concentrations.

As mentioned above, values in the database for meteorological data at locations near the actual

measurement sites are more likely to reflect reality. Additionally, interpolated values are probably more



accurate for regions where geographic and meteorological conditions are more homogeneous. For example
the Great Plains/Midwestern U.S. are probably more likely to have accurate interpolated values than those

for the coastal regions.

Example of the Use of the Meteorological Database: Mapping of Meteorological Variables.

Figure 3 is a contour map of annual heating infiltration degree days (°F) in the United States. The contour
lines were derived through interpolation of the calculated IDD values from the 208 TMY sites, using a
commercially available computer graphics program. Such a map is useful for calculating building energy
load due to air infiltration in different climate zones, and is similar to those from efforts in support of

infiltration standards (ASHRAE, 1988 and Sherman, 1986).

Example of the Use of the Meteorological Database: Statistical Modeling of Ipdoor Radon
Concentrations.

In research focused on determining the geographic distribution of indoor radon levels throughout the U.S.,
modeling approaches have been taken to assess what measurable factors have the potential of having a
significant effect on indoor radon levels. One example of such a modeling approach is presented by Revzan
et al. (1996), who exam.ined correlations between geophysical, meteorological, and housing variables and
indoor radon concentration data collected by the EPA in a national survey (the NRRS). This approach
attempts to account for variability in mean indoor radon concentrations among counties of the contiguous
48 states using a mixed-effects statistical model (Gelman and Rubin, 1992). The response variable used in
the analysis consists of 5027 mean living-area radon concentrations in 116 counties collected from one-year
alpha-track measurements. Explanatory variables used in the model were taken from the NRRS
(information on house characteristics), the USGS (soil and geological information for each house, including
a value for soil uranium content), and the LBNL meteorological database. The details of this analysis will
not be repeated here, but the resuits are informative: 64% of the variability among counties is explained by
the model. The two most influential explanatory variables in the model are soil uranium content and the

county prediction for annual heating IDD from the meteorological database. The regression coefficients for



these variables, which had been normalized, are 0.97+0.18 and 1.22+0.23, respectively. The interpretation
of these results is that, after adjusting for building construction characteristics, local geology and soil
vartability, and county variability, heating IDD is as strong a predictor of indoor radon concentrations from

the NRRS as soil uranium concentrations.

Accessing the Database

Both the complete set of data for all county centroids (LBNL-MET) and the NRRS-MET subset
are available to the scientific community through the World Wide Web at the LBNL-MET home page (at
the URL address http://www.eande.gov/IEP/high-radon). These files may be accessed and copied by
anyone with access to the internet.

The LBNL-MET database consists of one set of compressed files, whereas the NRRS-MET
database consists of two sets of files. The format of all the files is the same. Both databases contain the
meteorological data for the contiguous 48 states (file extension “ct”, or “mn”, for LBNL and NRRS,
respectively). The second set, ir; the NRRS-MET database contains the data for the Kenai Peninsula (file
extension “ak”). All files contain longitude, latitude, state, county, and FIPS entries in addition to the
statistics of interest. The FIPS value consists of the state FIP times 1000 added to the county FIP. Using
this scheme, each county has a unique identification expressed in a single number. The files are contained
in a self-unpacking executable file readable by an IBM compatible personal computer. Descriptions of the
data files and directions for unpacking them are available in a text file called “README” which can be

viewed on the LBNL-MET Home Page.
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Table 1 LBNL-MET Meteorological Variables and Summary Statistics.

Meteorological variable

Statistic (units of meteorological data)

Meteorological variable  Statistic (units of meteorological data)

Hours of precipitation

Infiltration degree days

Precipitation

Barometric Pressure

Dry bulb temperature

monthly hours with no precipitation (hours)
monthly hours with rain (hours)
monthly hours with rain or snow (hours)
monthly hours with snow (hours)
monthly IDD (°F-day)

monthly cooling IDD (°F-day)

monthly heating IDD (°F-day)

monthly AM (inches)

AM for month (psia)

ASD for month (psia)

monthly daytime AM (psia)

ASD diurnal swing (psia)

monthly average diurnal swing

ASD daytime for month (psia)
average hourly swing for month (psia)
maximum for month (psia)

minimum for month (psia)

monthly daytime AM (psia)

ASD nighttime for month (psia)

AM for month (°F)

ASD for month (°F)

monthly daytime AM (°F)

ASD diurnal swing (°F)

monthly average diurnal swing

ASD daytime for month (°F)

average hourly swing for month (°F)
maximum for month (°F)

minimum for month (°F)

monthly daytime AM (°F)

ASD nighttime for month (°F)

Dewpoint temperature

Wind direction

Wind Speed

AM for month (°F)

ASD for month (°F)

monthly daytime AM (°F)
ASD diurnal swing (°F)
monthly average diurnal swing
ASD daytime for month (°F)
average hourly swing for month (°F)
maximum for month (°F)
minimum for month (°F)
monthly daytime AM (°F)

ASD nighttime for month (°F)
east (hours)

north (hours)

northeast (hours)

west (hours)

south (hours)

southeast (hours)

southwest (hours)

west (hours)

AM for month (m/s)

ASD for month (m/s)

monthly daytime AM (m/s}
ASD diurnal swing (m/s)
monthly average diurnal swing
ASD daytime for month (m/s)
average hourly swing for month (m/s)
maximum for month (m/s)
minimum for month (m/s)
monthly daytime AM (m/s)
ASD nighttime for month (m/s)
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Table 2. Reliability Testing Results for the LBNL Meteorological Database.

INTERCEPT SLOPE
MULTIPLE STANDARD STANDARD
VARIABLE/STATISTIC R-SQUARE  COEFFICIENT  ERROR  COEFFICIENT  ERROR
INFILTRATION DEGREE DAYS'
Total 0.906 17.49 4721 1.02 003
Heating 0.752 0.02 0.15 1.06 0.06
Cooling 0.891 49.26 48.44 0.97 0.04
PRECIPITATION
January 0.777 0.04 0.17 1.02 0.06
February 0.550 0.65 0.19 0.67 0.06
March 0.446 0.67 031 0.85 0.10
April 0.550 038 0.27 0.93 0.09
May 0.900 0.20 0.1 0.94 0.03
June 0.846 0.31 0.15 0.88 0.04
July 0.930 -0.03 0.10 1.02 0.03
August 0.799 031 0.17 0.91 0.05
September 0.856 043 0.14 0.88 0.04
October 0.832 0.05 0.12 0.99 0.05
November 0.670 0.44 0.19 0.83 0.06
December 0.414 0.26 0.37 1.06 0.13
HOURS OF PRECIPITATION'
rain 0.081 10.67 9.00 0.49 0.17
snow 0.152 25.20 424 0.29 0.07
rain or snow 0.265 42.80 7.08 0.50 0.09
dry . 2e-04 504.29 65.95 0.02 0.1
WIND DIRECTION’
North 0.006 129.96 15.55 0.07 0.10
Northeast 3e-04 64.81 9.17 0.02 0.12
East 0.008 44.52 7.57 0.10 0.12
Southeast 0.027 49.20 13.29 0.25 0.15
South 0.031 75.18 10.90 0.17 0.10
Southwest 0.153 63.18 11.76 0.41 0.10
West 0.002 86.02 11.59 0.04 0.10
Northwest 0.133 74.61 13.26 0.42 0.1
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Table 2. Reliability Testing Results for the LBNL Meteorological Database (Continued).

INTERCEPT SLOPE
MULTIPLE STANDARD STANDARD
VARIABLE/STATISTIC R-SQUARE  COEFFICIENT ERROR COEFFICIENT ERROR
BAROMETRIC PRESSURE'
Monthly Average Arithmetic Mean 0.074 7.63 2.60 0.48 _ 0.18
Monthly Average Standard Deviation 0.049 0.10 0.01 0.11 0.05
Monthly Daytime Arithmetic Mean 0.357 473 1.39 0.68 0.09
Monthly Daytime Standard Deviation 0.380 0.05 0.01 0.62 0.08
Monthly Night Arithmetic Mean 0.182 4.09 2.33 0.72 0.16
Monthly Nighttime Standard Deviation 0.130 0.02 0.03 0.85 0.23
Diurnal Swing Arithmetic Mean 0.346 0.05 0.01 0.60 0.08
Diurnal Swing Standard Deviation 6e-04 0.05 0.01 0.01 0.03
Maximum 0.019 7.61 5.47 0.49 0.36
Minimum 0.011 8.99 5.34 0.38 0.37
Average Hourly Swing 0.004 0.01 0.00 0.045 0.08
DEW POINT
Monthly Average Arithmetic Mean 0.785 -2.07 1.46 1.04 0.06
Monthly Average Standard Deviation 0.220 6.42 1.22 0.50 0.10
Monthly Daytime Arithmetic Mean 0.818 -1.61 1.31 1.03 0.05
Monthly Daytime Standard Deviation 0.304 5.17 1.13 0.57 0.09
Monthly Night Arithmetic Mean 0.907 0.46 0.82 0.97 0.03
Monthly Nighttime Standard Deviation 0.396 3.81 1.11 0.68 0.09
Diurnal Swing Arithmetic Mean 0.179 7.68 1.33 043 0.10
Diurnal Swing Standard Deviation 0.200 3.79 0.69 0.45 0.09
Maximum 0.699 5.37 3.01 0.89 0.06
Minimum 0.676 -0.48 1.10 0.83 0.06
Average Hourly Swing 0.021 1.01 0.14 0.15 0.10
DRY BULB TEMPERATURE'
Monthly Average Arithmetic Mean 0.950 1.15 0.82 0.97 0.02
Monthly Average Standard Deviation 0.323 2.86 1.35 0.78 0.12
Monthly Daytime Arithmetic Mean 0.896 . -0.54 1.28 0.10 0.03
Monthly Daytime Standard Deviation 0.306 2.40 1.53 0.81 0.13
Monthly Night Arithmetic Mean 0.906 -0.68 1.11 1.01 0.03
Monthly Nighttime Standard Deviation 0.568 1.47 0.91 0.87 0.08
Diurnal Swing Arithmetic Mean 0.458 3.70 1.66 0.79 0.09
Diurnal Swing Standard Deviation 0.173 3.55 0.87 0.52 0.12
Maximum 0.774 5.98 3.19 091 0.05
Minimum 0.803 0.35 0.94 0.90 0.05
Average Hourly Swing 0.339 0.50 0.14 0.63 0.09
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Table 2. Reliability Testing Results for the LBNL Meteorological Database (Continued).

INTERCEPT SLOPE
VARIABLE/STATISTIC MULTIPLE COEFHFICIENT STANDARD  COEFFICIENT © STANDARD
R-SQUARE ERROR ERROR

WIND SPEED'

Monthly Average Arithmetic Mean 0.114 2.50 0.54 0.41° 0.12
Monthly Average Standard Deviation 0.018 2.05 0.22 0.12 0.09
Monthly Daytime Arithmetic Mean 0.023 4.02 0.57 0.17 0.11
Monthly Daytime Standard Deviation 0.023 1.97 0.27 0.15 0.10
Monthly Night Arithmetic Mean 0.093 273 0.41 0.30 0.10
Monthly Nighttime Standard Deviation 0.021 0.25 0.15 0.11
Diurnal Swing Arithmetic Mean 0.079 3.86 0.67 0.32 0.11
Diurnal Swing Standard Deviation 0.138 1.50 0.19 0.33 0.08
Maximum 0.055 10.67 1.43 0.25 0.11
Minimum 0.009 1.05 0.03 0.09 0.10
Average Hourly Swing 0.004 0.83 0.10 -0.07 0.12

* Regression of interpolated values from randomly selected meteorological measurement sites against actual

measured values for those sites for the month of January.
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Figure 1. Sixteen sets of randomly selected “interpolated” average dry-bulb temperatures (°F) vs. “actual” average
dry-bulb temperatures for the month of January. The line represents perfect correlation (slope =1 and intercept = 0).
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Figure 2. Composite of (Figure 1) 16 sets of 6 pairs of “interpolated” average dry-bulb temperatures (°F) vs.
“actual” average dry-bulb temperatures for the month of January. The line is the least-squares best-fit to the data
(R*=0.950, see Table 2: monthly-average arithmetic mean dry-bulb temperature).
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Annual Heating Infiltration Degree Days

Figure 3. A contour map of annual heating infiltration degree days (IDD, °F) in the United States. The contour lines were derived through
interpolation of the calculated IDD values from the 208 TMY sites.




APPENDIX I
Equations for selected statistics used in the LBNL Meteorological Database

1) diurnal swing:

N
2 ]:!uy‘. - ﬂighti
== (1

N

diurnal ~

where:

S diurnal = a@verage diurnal swing,

],}a).‘_ =average daytime temperature on day i,

Tm,g 4, =average nighttime temperature on day i,
{

N = number of days in month.

2) average hourly swing:

N
2T -1,
Shourly - -—lzl————-—-—'——-——- (2)
N
where:
S hourly = average hourly swing,

T, = temperature at hour i,
!

T, .= temperature at hour i-/,

N’ = number of days in month.
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