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Abstract  

This research project represents a cooperative effort between the C-10 Research and 
Education Foundation, and Plymouth State Universityõs Judd Gregg Meteorology Institute.  
The purpose of the project was to subject the meteorological and radiological data 
recorded by C-10õs Citizens Radiological Monitoring Network to rigorous scientific 
analysis, identify significant trends  in the radiological data, quantify the effect of the 
tides on near-shore radiological measurements, identify radiological òhot spotsó, and 
make recommendations for better positioning of available sensor equipment.   After 
considerable quality control efforts, and careful data reduction from 1 -min to 1-hr 
temporal resolution, several standard statistical tests were applied to the dataset.  Two 
spectral peaks were found in the radiological time series:  One near 12 hrs and one near 
one year.  A relati vely high degree of correlation  was found between radiological levels 
and the tide at one station in the estuary at the base of the Merrimack River, which may 
be attributable to the flocculation of natural radionuclides orig inating further up the 
river.  Principle component analysis was applied to the radiological  field, and it was 
found that seven PCõs were required to explain 90 percent of the variation.  The top four 
explained approximately 73 percent of the variation.  Th e fourth principle component 
(~9.5 percent of variation) resembles a òhot spotó created by a Gaussian plume under 
typical summer conditions and east-southeasterly low-level winds.  Analysis of the 
radiological and wind time series  recorded at a station near this hot spot seems to 
support this hypothesis.  Some attempt, with limited success, was made to reproduce 
PC4 using a Gaussian plume dispersion model. 
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1.  Background. 

The C-10 Research and Education Foundation (C-10) has operated a òCitizens Radiological 

Monitoring Networkó (CRMN) since the early 1990õs.  The focus of C-10õs network (C-10/ RMN ) is the 

civil nuclear reactor in Seabrook, New Hampshire, which was originally built by Public Service of New 

Hampshire (PSNH), and is currently ow ned and operated by FPL Energy.  The C-10/ RMN  consists of 

approximately 22  fully -automated ground -level monitoring stations  (Fig. 1), each recording wind and 

radiological data at a time interval of 1 minute.  The average horizontal spacing between these stations is 

consistent with a small meso-g (2 ð 20 km) or large microscale (<2 km) network (Fujita, 1986).  This unique 

and valuable dataset ð created by a nearly all volunteer effort with input and assistance from professional 

scientists and engineers ð has been steadily growing over the last decade and a half.  A scientifically 

rigorous analysis of this dataset could reveal interesting insights into  variations in ground -level ionizing 

radiation in an environment of multiple low -level sources and complex wind fields.  

 

 

Fig. 1:  The C-10/RMN. 

10-Mile (16-km) Emergency Planning Radius shown (circle). 
Star symbol indicates location of Seabrook Nuclear Power Station. 
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2.  Data and methods 

The C-10 Research and Education Foundation provided Plymouth State Universityõs Judd Gregg 

Meteorological Institute (JGMI) with a n 11-year dataset from its radiological monitoring network .  These 

data were in the form  of tens of thousands of one-day datafiles, each containing 1440 sequential lines of 

data, with columns representing different data  types and a time stamp.  Each line represented one 

minute .  The raw files containing the 1-min data arrived at JGMI organized into  a directory  tree by year, 

month, and day.  A great deal of processing and error-checking was required to allow scientific analysis. 

Each (comma-delineated) file contained a time reference (number of minutes since midnight local 

time), one or two radiological channels, and up to three meteorological channels.  The first radiological 

channel represented data recorded by a V-1600 wi de-spectrum radiological probe, manufactured by 

Internati onal Medcom, of Sebastopol , California.   The V-1600 probes report radiological data in counts 

per minute (CPM).  The second radiological probe is a V-240 gamma photon counter, also manufactured 

by International Medcom, which reports  values in millirems per hour (mR hr -1), a unit of dose rate.  The 

three meteorological channels were wind direction  (degrees true), wind speed (miles per hour) , and 

ambient air temperature  (degrees Fahrenheit).  Wind data were produced primarily by R .M. Young 

Marine model wind birds, although some older observing locations were equipped by a variety of 

consumer-grade weather stations.  Temperature data were recorded at sites equipped with the latter type 

of weather station.  All statio ns were equipped with V -1600 radiological probes, and almost all were 

equipped with wind sensors.  Some stations were also equipped with V -240 probes and/or temperature 

sensors. 

The original  dataset approached 2.5 gigabytes in size.  The programming langua ge òPerló was 

used for the initial data reduction steps . Our first step was to create single, continuous archives for each 

station, reducing the total number of files from almost 90,000 to 22.  The average unified 1 -min file for a 

given C-10 station contained 3.15 million lines of data, separated into six individual columns.   Time 

references in these files were converted from minutes since midnight to local (EST or DST, as appropriate) 

date and time. 

The first quality control filter  was applied to the 1-min  data in an effort to remove corrupted data.  

Radiological data were òdespikedó (non-physical data were removed) using a point -to-point slope filter.  

From examination of the data, we determined that a minute -to-minute variation of 30 CPM in the V -1600 

channel would clearly be excessive, so a filter was designed that removed points exceeding this change.  

Bad data were replaced with the flag  -999.  Any òzeroó radiation value was also replaced with the bad-

data flag.  Fig. 2 illustrates this filter.  
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Fig. 2:  De-spiking non-physical data. 

Curving line represents 1-min interval time series of V-1600 data.  Normal variation is generally less than 30 CPM 
from one point to the next.  The despiking filter flagged data exceeding the acceptable point-to-point slope. 

 

 

Additional  tasks in data processing followed the removal of non -physical data.  Time references 

were converted from local date and time to UTC.  Wind data were converted from direction (degrees 

true) and speed (mph) to u and v components (ms-1).  Next, all 1-min radiological and wind data were 

reduced to hourly intervals  to facilitate the analysis.  (Most of the temperature data were judged 

unreliable, and no further processing was applied to  this channel.)  This was particularly important for 

the radiological data:  We were interested in examining statistically meaningful variations driven by 

environmental factors (such as wind), not the high -frequency (minute -to-minute) stochastic variation 

characteristic of all radiological data.  This conversion was performed by devising a triangular weighting 

filter that gave the greatest weight to values closest to the top of the hour , but used all 1-min data  one 

hour into the past and future.  The triangular filter was used, rather than a simple òboxcaró averaging 

filter, to avoid introducing a non -physical high -frequency variation in the 1 -hr data.  Hourly data filtered 

with a triangular window can be correctly analyzed for power spectra.  

The weight at the top of the hour was set equal to one, and the weights one hour into  the past 

and one hour into the  future were set to zero.  If an observed 1-min value in this window was flagged as 

bad data (-999; from the first filter ), or missing (known from the time -stamp in column 1) , its weight was 

set to zero.  Otherwise, the weights applied increased (past to hour of observation) or decreased (hour of 

observation to future) linearly.   If no ògoodó data were available in the two-hour triangular window, the 

hourly value was set to the flag value of -999.  Fig. 3 illustrates the temporal filter.  
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Fig. 3:  Weights of the triangular temporal filter. 

This filter was used to reduce data from 1-min to 1-hr intervals. 

 

 

After filtering  to hourly values, the files for each station became much more manageable, 

facilitating plotting, s pectral analysis and other statistical tests.  Hourly  V-1600 radiological data resulting 

from all of the above are shown in Fig. 4.  (Station 91, a òcontrol locationó outside the monitoring area, 

was also processed but is not shown.) 

 

 

  

Fig. 4:  Hourly V-1600 data. 

Plot shows time series of varying length for 22 of the C-10 CRMN stations. 
Station 19 is no longer in service and is not shown in Fig. 1.  Station 91 was processed but is not shown here. 
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 From Fig. 4, it is possible to divide the V-1600 time series produced by the 22 C-10/RMN stations 

into th ree rough categories: 

(a) Stations producing t ime series of long-duration, requiring only minor additional processing 

before applications of statistical analysis:  1, 8, 10, 12, 14. 15, 16, 17, 22, 27 and 28. 

(b) Stations producing time series requiring selective use of short sections in statistical analysis:  

3, 4, 5, 6, 7, 9, 11, 13, 24 and 25. 

(c) Stations experiencing major technical problems for extended periods, producing data that 

cannot be used for statistical analysis purposes:  19. 

 

3.  Analysis.  

 Statistical analyses were performed on the filtered 1-hr V-1600 radiological data and 1-hr wind 

components.  For a variety of reasons involving data availability and reliability, we decided not to apply 

any addition al analysis to the V-240 channel.  Three types of statistical analyses were performed:  1) 

power spectra; 2) correlation (with in situ wind, and with observed tides) ; and 3) principle component  

analysis (EOF).  All analyses on the 1-hr time series were performed  using the AirSea Matlab suite.  

Matlab is a professional science and engineering programming and visualization language (Mathworks, 

2002).  AirSea is a suite of hundreds of interlocking programs written in Matlab script language that 

facilitates analysis of time series.  All AirSea components that perform specified scientific tasks (such as 

the calculation of correlation coefficients) are based on peer-reviewed papers, published texts on the 

applicable subject, or input from highly -qualified experts in their fields .  Work has been published in 

peer-reviewed journals using AirSea -generated results (e.g. Miller and Keim, 2003). 

 

3.1.  Power spectra.  We performed a spectral analysis on the 1-hr filtered V-1600 radiological 

channel at all stations to identify important temporal peaks in its variation.  Before performing the 

analysis, it was necessary patch gaps in the time series via linear interpolation.  (There were some hours, 

as noted above, when there were no reliable 1-min data available  to create the 1-hr values.)  Additional 

quality control was also applied, such as the removal of a few outliers not identified in the original data 

processing.  Fig. 5 shows an example of an hourly time series before and after patching.  
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Fig. 5:  Example of removal of missing data from 1-hr time series by applying linear interpolation. 

Unfiltered hourly data are in the upper panel (note several -999 flags).  Linearly patched hourly data are shown in the 
lower panel. 

 

Once completed, the spectral analyses indicated  significant peaks (near or exceeding 95 percent 

confidence) near one year (~ 8760 hrs,) and another peak near 11-12 hours.  All monitoring network 

stations showed one or both of these peaks.  Fig. 6 shows samples of these results. 

 

 

Fig. 6:  Example of spectral analysis for short period (11-12 hr) and yearly cycles. 

95 percent confidence is indicated by dashed line. 
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If advection is assumed, the two  peaks suggested diurnal and annual variations in wind 

direction.  We speculated that the annual peak represented the climatological variation in wind between 

northwesterly (cold -season months) and south-westerly (warm -season months), and that the peak near 12 

hrs represented the influence of the sea breeze/land breeze cycle , or a harmonic of this cycle.  The long-

period peak might be captured by analyzing the north -south (v) component of the wind, which should be 

predominantly negative (southward) during the cold months, and predominantly positive (northward) 

during the warm months.  The short -period peak might be captured by analyzing the east-west (u) 

component of the wind, which should be predominantly negative (westward) during sea breeze events 

(daytime), and predominantly positive (eastward) during the land breeze portion of  the diurnal cycle 

(nighttime).  We also noted that the 12-hr peak might be associated with the 12hr 29m M2 tide (which 

dominates the Gulf of Maine), since many of the C-10/RMN  stations are on the coast. 

Power spectra analysis was applied to the hourly wind component time series from each station.  

The wind components (both u and v) at some (but not all stations) showed both the annual and 12-hr 

peaks.  An example of a station (No. 9) where the short-period peak appeared in the radiological data, 

and both peaks appeared in both wind component s, is shown in Fig. 7. 

 

 

 

Fig. 7:  Station 9 spectral peaks. 

Short-period (12-hr) peak is indicated in all three analyses. 
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 3.2.1.  Cross-correlations with wind data.   Our initial speculation on the relationship between 

wind components and the radiolog ical field  may have been correct, but a simple spectral analysis did not 

prove it .  We decided to pursue this further and determine the wind direction at each station associated 

with the highest radiological values.  The hourly data created in the previous step were reused for this 

purpose.  To perform the cross-correlations, wind components were recalculated in 10-degree increments 

from 010 to 360 degrees.  The radiological time series were then cross-correlated with each wind 

component time series.  With advection in mind, the correlations were performed in a way that assumed 

the wind was the forcing, and the radiological field was the response.  Thus, a positive lag would mean that 

the radiological field followed the wind component.  The 36 resulting corr elation series at each station 

were then examined to determine the wind direction of maximum positive correlation.  The results are 

shown in Fig. 8, with arrows indicating the wind vector associated with the highest correlation 

coefficient.  Due to the very long duration of these time series (order 104 hrs), 95 percent confidence is 

associated with correlation coefficients as small as 0.2 percent.  Only stations with correlation coefficients 

exceeding 95 percent confidence are plotted . 

While there appears to be some consistency to the implied correlation field, it is difficult to 

imagine a physical mechanism that would pr oduce this result.  Stations near the coast and further north 

seem to experience elevated radiological values when the wind is from the west, although the associated 

time-lags are negative, indicating the radiological field increases before the wind shifts to the west.  Stations 

further inland appear to see elevated radiological values when the wind is from the south (with one 

exception), and have associated positive time lags, meaning the radiological field increases after the wind 

shifts to the south.  The latter result implies a radiological source south of the C-10/ RMN.   This analysis 

seems to have decisively disproven our initial hypothes is attributing spectral peaks to simple annual and 

diurnal variations in wind direction.  
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Fig. 8:  Summary of wind directions of maximum correlation. 

 

 

3.2.2.  Cross-correlations with tidal data.   We decided to investigate a possible relationship 

between the short period peak seen in the spectral analysis of the radiological data and the M 2 tide.  To 

accomplish this, radiological data in the V-1600 channel recorded at C-10/RMN  stations near the coast 

were cross-correlated with a time series of observations from the Fort Point, NH tidal gauge.  Fort Point is 

located near Portsmouth, New Hampshire, and  is probably representative of the Newburyport, 

Massachusetts area.  It is the only tide gage data available in the area.  We obtained a 3-yr time series of 

tide level observations from the National Oceanic and Atmospheric Administration (NOAA)  spanning 

the time period from 04 July 2004 through 06 July 2007 (NOAA Tides and Currents, 2008).  The results of 

these correlations are summarized  in Fig. 9.  The highest magnitude correlation occurs at station 9, 

located on the turnpike  between downtown Newburyport (on the mainland) and Plum Island .  The 

coefficient indicates a negative correlation of greater than 9 percent.  Further inland, at station 11, the two 

time series are positively correlated. 

We suggest the following partial explanation.  The Plum Island Turnpike  where station 9 is 

located crosses an estuary where fresh water from the Merrimac k River mixes with salt water from the 

Gulf of Maine.  This estuary is  tidal in nature; water levels rise and fall with the M 2 tide.  Further, the 

Merrimac k River flows southward out of northern New Hampshire, which is known for granitic rock, 

often associated with uranium and other natural radionuclides  (e.g. Ayotte et al., 2007).  With this in 

mind, we speculate that flocculation (the process whereby dissolved materials are precipitated out when 

fresh and salt water mix ) in the estuary is concentrating uranium and related natural radionuclides in the 
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sediments (e.g. Feely et al., 1983).  When the tide comes in, the water acts as a shield that reduces the 

signal reaching the V-1600 sensor mounted at station 9.  When the tide goes out, exposing the sediments 

to open air, the shield is removed and the radiation count goes up.  This mechanism does not explain the 

positive correlation further inland, bu t it does suggest that a multi-channel analysis (MCA) of a sample of 

estuarine sediment near station 9 will indicate a higher than normal level of uranium and other natural 

radionuc lides. 

. 

 

 

 

Fig. 9:  Summary of radiological-tidal correlation coefficients. 

 

 

3.3.  Principle component analysis.  The power spectra and cross-correlation analyses discussed 

above yielded only partial explanations  for the observed variations in the radio logical fields observed by 

the C-10/ RMN.  We decided to pursue this further by calculating the principle components of variation 

for the entire network.  To accomplish th is, we identified an interval during the decade -long period of the 

dataset when the maximum number of C-10/RMN stations were producing reliable data  at the same 

time.  This interval began on 12 Nov 2001 at 1700 UTC, ended on 19 Jul 2004 at 1400 UTC, and included 

17 of the C-10/RMN õs 22 stations (Fig. 10).   
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Fig. 10:  C-10/RMN stations used for principle component analysis. 

 

 

 We obtained a principle component/empirical orthogonal function (EOF) analysis Matlab script 

from retired University of New Hampshire (UNH) Professor of Mathematics L. David Meeker, and 

added it to the AirSea program suite (Meeker, 2008).  Professor Meekerõs program was originally written 

for use with ice core data at the UNH Climate Change Research Center, and has been used to produce 

results for many papers published in peer -reviewed journals.  Once adapted to AirSea, Professor 

Meekerõs program was used to 1) calculate the principle components of variation in the V -1600 

radiological field; 2) calculate the portion of the variation in the radiological field explained by each 

principle component at each station; and 3) synthesize EOF time series of variation for the principle 

component and station of choice. 

With 17 stations, it was possible to identify 17 principle components of variation in the V -1600 

radiologi cal field.  Combined, components 1 ð 4 accounted for 73.5 percent of the variation in the 

radiation field , and the combination of principle components 1 ð 7 accounted for 89.4 percent of the 

variation.  These results are summarized in Table 1.  The relatively large number of components needed 

to reach 90 percent explains why simple correlations between radiological time series and wind or tidal 

time series yielded unsatisfying results.  On the time scale of hours, the radiological field is 
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simultaneously varying along at least seven significant d imensions, one or more of which may represent 

transport by the wind, the influence of nearby estuarine sediments, or many other possible causes. 

 

 

Table 1:  Relative influence of principle components. 

Principle 
Component No. 

Portion of variation described 
[%] 

1 26.4 

2 22.2 

3 15.4 

4 9.5 

5 6.8 

6 5.7 

7 3.4 

 

 

 The first seven principle components were interpolated from the 17 stations shown in Fig. 10 to 

the rectangular (geocentric) coordinate system shown in Fig. 11.  The grid has a spatial resolution of 2 km 

in both the north -south and east-west dimensions, and includes 208 gridpoints.  Barnes interpolation was 

used for the interpolation , with a smoothing parameter equivalent to three grid points (Barnes, 1964). 

 

 

 

Fig. 11:  2-km grid (208 gridpoints) used for interpolation and visualization of principle component results. 
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 The interpolated principle components (PC) were then contoured using AirSeaõs Matlab-based 

contouring routine (Fig. 12).   Since the principle components are scaled to values between +1 and -1, the 

contour analyses were drawn at intervals of 0.1 to depict sufficient detail.  

 

   

   

 

 

 

Fig. 12:  Contour plots of top seven principle components (interpolated). 
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Interpreting principle component analysis results.  The total radiological field can be visualized as 

surface that is varying (moving up and down vertically) simultaneously on many different spatial and 

temporal scales.  A trampoline with several children of all different sizes jumping up and down , all at 

differen t rates, is a useful visual analog.  A large child may jump up and down slowly in one area of the 

trampoline, but each time he lands, the trampoline is depressed downward a great deal, and then 

rebounds upward to an equal degree when the child becomes airborne again.  A small child may jump up 

and down quickly in another area, but cause only small downward and upward variations in the height 

of the trampolineõs surface.  Principle component analysis identifies the role each child plays in the 

varying shape of the trampoline.   The variances shown in a principle component analysis of the 

trampoline are normalized , so that the sum of all of them would account for all of the upward (+1  

variance, or +100 percent) and downward (-1 variance, or -100 percent) departures from the mean 

position at each point on the trampolineõs surface.  Some areas of the trampoline may vary up and down 

more than others, but when normalized, all areas have a total variance between +1 and -1. 

The first principle component (PC1) accounts for about 26.4 percent of the total variance, but it 

can be seen from Fig. 12 that some areas show very little variance with this component ( e.g. northeast 

corner, with values near zero), and some areas show a great deal of variance (e.g. central western portion, 

showing values of more than 0.6, or 60 percent of the total variance).  Note that the sign (positive or 

negative) of the variance shown in Fig. 12 is irrelevant, since the òsurfaceó is varying both upward and 

downward  sequentially .  The second principle component (PC2; 22.4 percent) shows large variances in 

the corners with little change near the center.  Diagonally opposite corners vary together, so that when 

the northeast and southwest corners are up (down) , the northwest and southeast corners are down (up).  

The third principle component ( PC3; 15.4 percent) shows large variances in the northeast corner, 

somewhat smaller variances in the northwest corner, and very small variations everywhere else.  The 

fourth principle component ( PC4; 9.5 percent) shows an interesting òbullseyeó near the center of the C-

10/RMN, coupled with large variances in the nor theast corner.  (More about PC4 below.)  The reader is 

invited to examine the remainder of the contour plots in Fig. 12 for descriptions of the fifth, sixth, and 

seventh principle components. 

 It is difficult to attrib ute physical causes to these principle components.  We can only document 

that they existed during the 3 -yr period of the time series used in the analysis.  The one exception may be 

PC4, whi ch we examined in detail.  

 

4.  Special analysis of the fourth principle c omponent . 

 The fourth principle component (PC4) of variance in the V -1600 radiological field (Figs. 12 - 15) 

shows an interesting òbullseyeó shape near the center of the C-10/RMN, cou pled with an  oppositely 

varying high -magnitude region of variation in the northeast corner.  (A small portion of the variation in 
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the northeast corner is an artifact of the interpolation routine used to produce the graphic.  There are no 

observing stations in that area.)  The centroid of PC4 is located at approximately 42.15 dN, -70.92 dE.  The 

variance associated with the inland bullseye and the offshore region are of opposite signs, meaning that 

when the inland area is high (low), the offshore area is low  (high).  

 

 

 

Fig. 13:  Fourth V-1600 radiological principle component (PC4). 

Seabrook Station is indicated by a yellow star symbol. 
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Fig. 14:  Centroid of PC4 and approximate location of Seabrook Station ï View from overhead. 

(Map obtained from G oogle Earth) 
 
 

 

Fig. 15:  Centroid of PC4 and approximate location of Seabrook Station ï Oblique view from the west. 

(Map obtained from Google Earth)  
 

 

With some experience in air pollution modeling and coastal mesoscale meteorology (see Miller 

and Keim, 2003), we hypothesized that the pattern observed in PC4 might be explained by a near-surface 

point source along the coast during  periods of on-shore flow (e.g. during a sea breeze event).  The shape 

of the bullseye and its apparent òtailó extending to the west resembles a Gaussian plume under 
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