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Clearly, factors other than radon decay dominate radon activity. 
Paradoxically, the factors that make radon activities difficult to 
interpret directly make prediction of radon activities an ideal test 
for transport models, since to match measured activities the 
models must correctly predict boundary layer heights, mixing, 
and transit time. 

Free troposphere samples. For samples collected in the free 
troposphere no significant correlation was observed between the 
222Rn activity and the concentration of any other trace species 
that was measured (aerosol particles, 0 3, NOy, SO2). This lack 
of correlation may be for several reasons. First, boundary layer 
air transported to the free troposphere will be rapidly diluted 
with air containing varying amounts of 0 3, NOy, and aerosol 
particles depending on air mass history, and little radon. 
Depending on the extent to which such dilution occurs, any 
correlation that existed between radon and other trace species in 
the boundary layer will be diminished. Second, back trajectories 
for nearly all of the samples collected in the free troposphere 
during NARE indicate that the air came to the sampling location 
from the sparsely populated areas of Canada and the northern 
United States. These areas are not major sources of pollutants. 
Under these conditions, good correlation between 2'22Rn activity 
and trace species with anthropogenic sources is not expected in 
the boundary layer, and transporting the boundary layer air to 
the free troposphere followed by dilution will not improve the 
correlation. 

Apparent Z•2Rn Age Estimates 

Radon 222 is incorporated into an air parcel at ground level. 
Based on the radioactive decay we can thus calculate an 
apparent age for a given air mass, estimating the time t since its 
last exchange with the surface: 

1 c o 
t =-•.ln-•- , (2) 

previous section, even in the boundary layer we did not find a 
straightforward relation between transit time and radon 
concentration. As discussed above, the might reflect that 222Rn 
concentrations were influenced by the height of the boundary 
layer into which radon was emitted or by mixing with other air 
masses, or by inaccuracy of transit time estimates derived from 
back trajectory analyses. 

These problems as well as the strong dependency of the 
apparent radon age on the initial radon concentration c o clearly 
show that such age estimates cannot be taken literally and can at 
best give a rough indication of air mass history. It would be 
interesting, however, to compare these estimates with the 
"chemical ages" derived from hydrocarbon ratios [Parrish et al., 
1992]. This technique has also been applied to the NARE data 
[Kleinman et al., this issue], but unfortunately, radon and 
hydrocarbon samples were not collected simultaneously and a 
direct comparison is impossible. 

In Figure 9 we present a plot of ozone concentration versus 
altitude for all the data points from our flights with simultaneous 
222Rn measurements, indicating their 222Rn age by different 
symbols. It can be seen from the figure that for the flights on 
which radon samples were collected, a layer of relatively high 
ozone concentrations existed between about 200 and 1500 m, 

with highest ozone concentrations found at about/500 to 700 m. 
The layer appears to be younger than 5 days with most of the 
age estimates below 3 days (again, these estimates are probably 
biased toward higher ages because of mixing with maritime air), 
suggesting a relatively recent boundary layer source for either 
the 0 3 or for the trace species involved in 03 formation. Most 
of the age estimates for samples above 1500 m are between 5 
and 15 days and suggest relatively little vertical mixing of the air 
column. A similar low-level layer of high ozone concentrations 
was found in the data collected on the NCAR Kingair aircraft 
and hydrocarbon ratios indicate an age range of 0.5 to several 

with the radioactive life time 1/• = 5.5 days, the radon 
concentration c at the time of sample collection, and the initial 
radon concentration c o . Ideally, these ages should be calculated 
based on measured initial radon concentrations. Because no 

such measurements have been done during the 1993 NARE 
campaign, the ages given in Table 3 were calculated somewhat 
arbitrarily with the highest 222Rn concentration found during the 
campaign (4.77 Bq/m 3) as initial surface concentration co. This 
value is somewhat high compared to typical boundary layer 
concentrations and probably caused by an enrichment of radon 
in a nocturnal boundary layer (see discussion above). Liu et al. 
[1984], for example, report concentrations of about 34.4 Bq/m 3 
in the lowest 500 m in a climatological summer profile. If 
calculated with a mean value of co = 3.7 Bq/m 3, the apparent age 
estimates would be about 1.4 days lower. It should also be 
recognized that air mass ages determined in this way tend to be 
high because any mixing of continental air with the surrounding 
marine air leads to a reduced 222Rn concentration and thus to an 

overestimate of the apparent age. 
In the given context of measurements in a marine 

environment these age estimates should not be confused with the 
transit time from the continent to the sampling site, as 
"injection" of radon into a given air mass might have occurred at 
a location along the back trajectory prior to the transition into 
the marine environment. This is especially true for 
measurements in the free troposphere. But as pointed out in a 
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Figure 9. Apparent 222Rn ages for the NARE measurements; 
exact ages are given for a subset of samples. 



29,160 ZAUCKER ET AL.: ATMOSPHERIC 222Rn MEASUREMENTS DURING NARE 1993 

days (P. Goldan, personal communication, 1995), a somewhat 
wider range than estimated from the radon measurements. 

While viewing the data in the context of hydrocarbon ages 
gives useful information, hydrocarbon ages are also affected by 
"contamination" due to mixing, as during a mixing event the 
concentration of the more reactive of the two gases is relatively 
more changed that the concentration of the less reactive species 
(P. Goldan, personal communication, 1995). McKeen and Liu 
[1993] have shown that hydrocarbon ratios are affected both by 
photochemical age and atmospheric transport. Thus combined 
measurements of various "age-related" parameters of different 
(chemical and physical) properties will be needed to resolve 
some of these uncertainties. 

Case Studies 

On several missions, radon samples were collected for the 
purpose of obtaining information on the vertical distribution of 
radon concentrations; on several other flights, interesting 
features of the 222Rn activity worthy of separate presentation 
were observed. Two of these case studies are discussed below. 

August 28, 1993. On this flight a plume transported from the 
northeastern United States was sampled at midday. A vertical 
profile in which several radon samples were collected was made 
at a 44'N/62'W, and several radon samples were collected 
during a long transect at an altitude of = 600 m msl between 42' 
and 44'N latitude along the 62'W longitude line through the 
transported continental plume. An analysis of this flight is given 
in more detail elsewhere [Daum et al., this issue]; a description 
of the synoptic meteorology for this day is given by Merrill and 
Moody [this issue]. 

Figure 10 shows vertical profries of 222Rn concentration and 
corresponding plots of dew point, aerosol number density, and 
NOy and O3 concentrations. These vertical profiles exhibit a 
fairly polluted layer from the bottom of the profile (= 600 m 
msl) up through about 1800 m msl. Above 1800 m msl the air is 
much cleaner, as indicated by a significant decrease in 
concentrations of all of the trace gases as well as the aerosol 
number density. Dew points are relatively constant up to an 
altitude of =2300 m then decrease; a layer of dry air was 
observed above about 3400 m msl. Radon activities in the 

polluted layer between =600 and 1500 m msl were quite high, 
indicating relatively recent transport from the continent. Back 
trajectories for these samples indicate that the air in which the 
samples were collected had been over the Connecticut-Long 
Island-New York area about 48 hours prior to the measurements. 
This transit time is consistent with the 222Rn activities of these 
samples (=2.8 Bq/m 3) leading to an apparent 222Rn age of =1.5 
+ 0.5 days. Radon concentrations in the free troposphere were 
much lower than in the polluted (boundary) layer and decreased 
with altitude. The back trajectories for the samples at 3775 m 
and 2350 m indicated that the air masses had left the contingent 
in Maine (12 hours previous) and Connecticut (18 hours 
previous), respectively, and thus not much prior to the sampling. 
The nevertheless low radon concentrations point to relatively 
low vertical exchange along the transport path. 

In Figure 11 we show a plot of the 222Rn and O 3 
concentrations measured during a constant altitude ( 625 m msl) 
flight at a latitude of 62'W between longitudes of 44'N and 
42'N. During this flight segment an extensive plume of 0 3 and 
related trace species were encountered (for dtails see Daum et al. 
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Figure 10. Aerosol particle density, 222Rn (circles) activity, NOy and 0 3 concentrations, and dew point 
versus altitude for the flight on August 28, 1993. 
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Figure 11. Radon 222 activity (circles) and 03 concentrations 
at -- 625 m (msl) during a flight segment on August 28, 1993. 

[this issue]). Note that ozone concentrations changed 
significantly between the two samples (both at the same altitude 
but about 110 km apart). 222Rn activities on the contrary 
remained constant and thus indicate that the changes in ozone 
and its precursors could be due to either differences in chemical 
processing within the same air mass or to spatial variations of 
the trace species forming O 3. 

August 17, 1993. On August 17, 1993, measurements were 
made in the vicinity of Sable Island, about 250 km south of 
Halifax, Synoptic conditions for this day are described 
elsewhere by Merrill and Moody [this issue]. Basically, the area 
was under the influence of a weak high-pressure system over 

northern Quebec causing low-level winds in the region of the 
profile to be fxom the east. Figure 12 shows the radon activities, 
dew point, O3, and aerosol number density profiles for a vertical 
profile near Sable Island. The dew point profile indicates three 
layers: a moist layer near the surface extending to about 500 m, 
another moist layer from 500 to 1500 m, and a dry layer aloft. 
Three distinct layers are also exhibited by the O 3, profile except 
that the lowest O 3, concentrations are found in the low-altitude 
layer, and the highest concentrations are found in the highest 
layer. The aerosol particle profile is very similar to the dew 
point profile. The high O3, and low dew point and low particle 
concentrations observed in the uppermost layer suggest that it 
may have a stratospheric component. 

Radon concentrations measured during this profile are among 
the lowest measured during the entire program. The shape of the 
profile suggests that while the air in none of the three layers had 
been in contact with the continental boundary layer for an 
extended period of time, the period since such contact was less 
in the high-altitude sample than for the low-altitude samples. 
Back trajectories for the low-level samples are from the east 
although they are ramcared because the trajectories mn off the 
National Meteorological Center (NMC) grid required for their 
calculation. An interesting feature of the proErie is the variation 
in the radon concentration for the middle altitude samples where 
the radon concentration varied by nearly a factor of 4 at constant 
altitude. Apparently, these two samples were collected at the 
interface between the moist low altitude and the dry higher- 
altitude layers. The low radon concentration sample 
corresponding to the mixture of dry and moist air with the dry 
air predominating, and the high radon sample corresponding to a 
mixture of dry and moist air with the moist air predominating, is 
indicated by the dew point measurements. The very low 222Rn 
activity in the highest layer suggests an upper atmospheric 
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Figure 12. Aerosol particle density, 222Rn activity (circles), dew point, and O 3 concentration versus altitude 
for the flight on August 17, 1993. 
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source consistent with the low dew point and elevated 0 3 , 
concentration in this layer. The back trajectory for this sample 
indicates rapid, somewhat descending transport from the NW. 

Discussion 

In this paper we have presented a series of measurements that 
once more demonstrate the applicability of 222Rn measurements 
as an air mass tracer (e.g., as a marker of boundary layer air or 
of continental versus maritime air). In addition, we discussed 
how the observed 222Rn activities can be explained by a variety 
of physical processes in the history of an air mass, such as 
boundary layer height, dilution, and mixing. This makes radon 
extremely useful for the evaluation of chemical transport models 
because these models must accurately describe physical 
processes that affect both 222Rn concentrations and chemically 
reactive species to reliably reach conclusions about chemical 
processing within a given air mass (not affecting 222Rn 
activities). 

Furthermore, we discussed the inherent difficulties 
encountered in determining the apparent ages (or transit times) 
of air masses. Simultaneous measurements of age-related 
tracers such as, for example, radon and hydrocarbons should 
improve these estimates. We pointed out that these difficulties 
provide a stringent test for atmospheric models. 

Although these benefits have been widely recognized in the 
past both by experimentalists and by modelers, 222Rn 
instrumentation has not routinely been included in atmospheric 
chemistry programs in part because of the unavailability of a 
simple and efficient technique to collect these samples. In this 
paper we have described a sampling technique that is both 
relatively inexpensive and scalable to larger numbers of 
measurements. In addition, it avoids the uncertainies inherent to 
indirect radon measurements (based on radon progeny) which 
are related to potential removal of 222Rn decay products by wet 
deposition and thus a potential radioactive disequilibrium. Of 
course, a combination of measurements of 222Rn and its 
progenies might be most beneficial. It is clear that a larger 
number of samples must be collected on each flight to give a 
representative description of the radon distribution in the 
different air masses encountered. 

Subsequent to NARE, we have improved both sampling 
capacity and measurement accuracy of our radon sampler (this 
will be described elsewhere). With 24 sampling tubes we can 
collect one sample every 10 rain during a 4-hour flight. We 
think that a further doubling of this capacity would be desirable 
and possible in the future. We would also like to refer to the 
paper by L/n eta/. [this issue], discussing the comparison of our 
222Rn measurements with simulations with a three-dimensional 

regional transport model. 

Appendix- Error Calculation 

The radon concentration c (in Bq/m 3) for an air sample is 
given by 

Bequerels); z(t) is a correction for the decay of radon during the 
measurement interval and can be approximated by a Taylor 

_x T series to z(T) = 1 + 2 (with less than 1% error for 
measurement intervals less than 13 hours); E is the efficiency of 
the system; • = 2.098 -6 s '1 is the decay constant for 222Rn; t is 
the time between sample and start of the measurement; AE is the 
radon activity due to radon production in the charcoal (in 
Bequerels); and V is the sample volume (in cubic meters). Three 
ct decays are counted for each 222Rn decay due to two short- 
lived radon progenies leading to the factor 1/3. 

An error propagation calculation 

= (4) 

ACr o•c 2 Oc 2 

leads to an uncertainty estimate Acr due to random errors of 

ACF=•V (AAE)2+((aX_AE)•__) 2 
(5) 

with 

z(T) a=½_A0 ' 

Background count rates were of the order of 4 + 0.8 mBq. 
This uncertainty is small compared to typical count rates of 
>50 mBq. Uncertainty in the sample volumes were of the order 
of +2.5% and a similar uncertainty was found for the efficiency 
of the system. The statistical (counting) uncertainties were 
typically 2-3%. However, for samples with very low radon 
content the contribution of the radon blank of the charcoal is 

dominant and thus leads to a much larger error estimate for the 
radon concentration of those samples, especially for longer 
ingrowth times of the charcoal blank. For example, for a sample 
with a radon activity of 0.4 Bq/m 3, a counting interval of 10 
hours, and a charcoal blank of 0.08 Bq (after 23 hours ingrowth), 
we find a total activity of 0.1 + 0.003 Bq for a sample volme of 
50 L. Even with the assumption of no error due to background 
and charcoal blank, this would lead to a radon activity of the air 
sample of 0.02 + -0.003 Bq and thus an uncertainty of 15%. 
Table 4 shows typical values of error contributions for three 
samples collected and analyzed during the NARE 1993 
campaign. 

In addition to the random errors a systematical uncertainty of 
+10% (see above) was added, thus leading to a total uncertainty 
estimate Ac t of 

c=- ( -A o) -A s (3) 3 • Ee -xt . ' Ac r =•(ACr)2 +(0.1c) 2 (6) 
N is the number of o[ decays counted during the measurement 
interval T (in seconds); A0 is the background count rate (in 

for a sample with a radon concentration c and a random error 
according to equation (5) 
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Table 4. Contributions of Various Terms in Equation (4) to the Error Estimate of Three Typical Samples 

Rn Statist O 2 O 2 O 2 0 2 •9 2 

Contribution 

Contribution 

0.43 0.06 1.6 x 10 '4 0.5 x 10 -4 3.2 x 10 '4 16 x 10-4 1.6 x 10-4 
7% 2.5% 15% 73% 2.5% 

1.41 0.16 3.7 x 10- 4 0.5 x 10-4 15 x 10- 4 11 x 10-4 7.8 x 10-4 
10% 1.5% 39% 29% 20.5% 

2.78 0.30 11 x 10 4 0.4 x 10-4 44 x 10- 4 1.8 x 10-4 28 x 10-4 
13% 0.5% 51.5% 2% 33% 

Absolute values are in Bqhn a. 
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