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The China Clipper—fast advective transport of radon-rich
air from the Asian boundary layer to the upper troposphere
near California

By MARK A. KRITZ, Atmospheric Sciences Research Center, State University of New York,
Albany, NY 12222, USA, JEAN-CLAUDE LE ROULLEY, Centre des Faibles Radioactivities,

Domaine du CNRS, 91190 Gif-sur-Yvette, France and EDWIN F. DANIELSEN,
Space Science Division, NASA Ames Research Center, Moffett Field, CA 94035, USA

(Manuscript received 1 November 1988; in final form 5 June 1989)

ABSTRACT

A series of upper tropospheric radon concentration measurements made over the eastern
Pacific and west coast of the United States during the summers of 1983 and 1984 has revealed
the occurrence of unexpectedly high [>16 pCi/SCM] radon concentrations for 9 of the 61
measurements (and 6 of the 13 flights). A frequency distribution plot of the set of 61
observations shows a distinct bimodal distribution, with approximately % of the observations
falling close to 1 pCi/SCM, and 2 falling in a high concentration mode centered at about
11 pCi/SCM. Trajectory and synoptic analyses for two of the flights on which such high radon
concentrations were observed indicate that this radon-rich air originated in the Asian
boundary layer, ascended in cumulus updrafts, and was carried eastward in the fast moving air
on the anti-cyclonic side of the upper tropospheric jet. Transit times were of the order of
3 days; however, in one instance, transport from China to a point a few hundred kilometers
west of San Francisco occurred in 48 h. These findings suggest that the combination of rapid
vertical transport from the surface boundary layer to the upper troposphere, followed by rapid
horizontal transport eastward represents an efficient mode of long-transport for other,

chemically reactive atmospheric trace constituents.

1. Introduction

Radon (222Rn) enters the atmosphere from the
crust, where it is produced by the radioactive
decay of its parent, 22°Ra. Because radon is a
noble gas, and relatively insoluble in water, its
removal from the atmosphere by precipitation
scavenging is negligible, so that its only signifi-
cant atmospheric sink is its own radioactive
decay, which occurs with a half-life of 3.8 days.
For these reasons atmospheric radon measure-
ments have been used as an indicator of vertical
transport (e.g., Jacobi and Andre, 1963; Larson,
1973; Liu et al., 1984), as well as an indicator of
the presence and transport of continental air over
the oceans (e.g., Prospero and Carlson, 1970;
Larson et al., 1972; Wilkness et al., 1973; Polian
et al., 1986; Andreae et al., 1988). However while

numerous observations have been made of radon-
rich continental air over the oceans, those
reported here are remarkable because of the
distance, speed and altitude of the associated
transports.

The highest concentrations of atmospheric
radon occur in the continental boundary layer,
where values on the order of 100-300 pCi/SCM
(standard cubic meter) are frequently observed
(Gold et al., 1964; Cox et al., 1970; Lambert et
al., 1982). Radon concentrations in the free
troposphere are typically an order of magnitude
or more lower, decreasing, in the mean, with
altitude to values on the order of 1 or 2 pCi/SCM
near the tropopause (Wexler et al., 1956;
Wilkening, 1970; Moore et al., 1973; Liu et al.,
1984.)

The decrease of mean concentration with alti-
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tude is consistent with that which would arise
from simple vertical mixing, and diffusion-based
parameterizations have frequently been used to
model radon concentration profiles. For example,
Liu et al. (1984) compiled published radon pro-
files and derived a seasonal altitude dependent
vertical mixing coefficient which they used to
estimate the rate of vertical transport of other,
chemically active, trace constituents. There is,
however, a growing awareness of the important
role of fast, localized advection in the vertical
distribution of many atmospheric trace constitu-
ents, as discussed by Kritz (1975), Gidel (1983),
Dickerson et al. (1987) and others, as well as by
Liu et al. (1984) in their analysis.

In this work we present the results of a series of
61 upper tropospheric radon concentration
measurements made aboard a NASA C-141 air-
craft flying over the eastern Pacific and west
coast of North America. These observations were
made during the summers of 1983 and 1984, at
altitudes ranging from 11.3 to 12.5 km (37,000 to
41,000 feet). Radon concentrations greater than
16 pCi/SCM were observed on 6 of the 13 flights
made during this period, and in 9 of the 61
individual measurements. In order to understand
the cause of these high concentrations the flights
of 28 July and 31 July 1983 were selected for
detailed examination.

2. Instrumentation

The measurements reported here were made
using the active daughter technique. The decay of
radon leads to the formation of a series of short-
lived daughters, as shown in the simplified radon
decay chain below.

222Rp —» 218pg s
(3.8 days)  (3.05 minutes)

— 214Bj _» 214pg _» 210Pp

(19.7 minutes) (<0.01s) (22 years)

While radon is a noble gas, all of its daughters
are metals, which upon formation are quickly
and irreversibly scavenged by particles of the
ambient aerosol. Because their lifetimes are short
relative to that of radon and the particles to
which they are attached, the short-lived radon
daughters are in secular equilibrium with their
parent and with one another, so that accurate
determinations of atmospheric radon concen-

21 4Pb
(26.8 minutes)
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trations can be made by measuring the concen-
tration of one (or several) of the short-lived
daughters (Gold et al., 1964; Larson, 1973,
Polian, 1984).

Measurement of atmospheric radon concentra-
tions using the active daughter method is a two
stage process. In the first stage, or sampling
period, ambient aerosols (to which the radon
daughters are attached) are collected on a filter.
In the second stage, or counting period, the alpha
(or beta) activity of the aerosols collected on the
filter is measured. Because the half-lives of the
short-lived daughters are less than 30 min, this
counting must be done shortly after sample
collection. The ambient radon concentration is
computed using the following formula:

[Rn]=Kl Ct/¢ﬂf(Ts’ Td! Tc) (1)

where [Rn] is the ambient radon concentration in
picoCuries (pCi) per SCM; K, is a constant; C,
the net number of counts recorded during the
counting period (total number less background);
¢ the sampling flowrate; n is the system
efficiency; and f(7T,, T4, T.) is a function of T,
the length of the sampling period, Ty, the length
of time between the end of the sampling period
and the beginning of the counting period, and T,
the length of the counting period. This formu-
lation, and the calculation of f(T,,T,,T.) is
similar to and derived from those developed by
Evans (1955); Larson (1973); Polian (1984) and
others. )
The precision, accuracy and sensitivity of the
active daughter technique depend upon close
attention to several critical factors. For the
present study, these were assurance of isokinetic
sampling of free stream air, freedom from
interferences from other atmospheric radio-
nuclides, and knowledge and control of the detec-
tor background count rate and system efficiency.
These points are addressed in the description of
the instrumentation and operating procedures.

2.1. Sample collection system

This consisted of the aerosol collection probe,
filter holder, flowmeter, in-line pressure and tem-
perature sensors, a variable speed pump, and the
pump control/sampling monitoring unit. The
aerosol collection probe was mounted in the right
hand forward door of the aircraft, replacing a
window and extending 40 cm from the fuselage.
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In-flight tests were conducted to ensure that the
inlet was in free stream air and aligned parallel to
the local airflow.

Aerosol particles were collected on 12.5 cm
diameter Whatman 41 filters. The sampling
flowrate was adjusted by varying the pump speed
to give isokinetic conditions at the aerosol inlet,
as calculated from aircraft speed and the outside
pressure and temperature. The nominal sampling
period was 30 min, though this varied in
individual cases from 15 to 60 min.

2.2. Detector/counter system

Following their exposure to the ambient air,
the filters were placed under a 12 cm diameter
ZnS scintillator sensitive to the 6.0 and 7.7 MeV
alpha particles emitted by 2!3Po and *!4Po. A
conical lightguide was used to interface the
scintillator with a 5 cm diameter photo multiplier
tube (PMT). A 5 cm thick annular plastic
scintillator surrounded this ZnS scintillator
assembly, and served as an anticoincidence
guard. The signal outputs of the detector and the
guard PMTs passed through preamplifiers and
connected to a gating circuit which blocked those
pulses from the detector PMT which were
coincident with pulses from the guard PMTs.

Because of the increase of cosmic ray flux with
altitude, background count rates of unguarded
detectors increase rapidly with aircraft altitude
(e.g., Jegou, 1983; Wilkness and Larson, 1984).
(Use of guard circuits is generally unnecessary in
laboratory alpha counting systems since cosmic
ray fluxes are relatively low at ground levels.)

The detector background count rate was con-
trolled in 3 ways. First, alpha rather than beta
emissions from the short-lived radon daughters
were counted, as it has been found (e.g., Jegou,
1983) that alpha detection systems are inherently
less sensitive to cosmic ray interference at the
altitudes of interest in the present study. Second,
an anticoincidence guard circuit was used, as
described above. Third, the detector output
pulses were recorded by a multi-channel analyzer.
Although the resultant pulse amplitude distri-
bution spectra are not to be confused with alpha
energy spectra, use of the analyzer in this manner
allowed us to monitor detector performance more
closely, and to discriminate between electronic
noise pulses, which tend to be confined to the
lower channels, and alpha pulses, which regis-

tered in the middle and upper channels. While
such spurious counts could, in principle, be
eliminated by the use of upper and lower level
discriminators, in practice it was found that the
optimum upper and lower limits for the signal
window varied with aircraft altitude, so that use
of the analyzer assured an optimum signal-to-
noise ratio for the high altitude radon measure-
ments.

In flight, at altitudes of 10-12 km, the
background count rate of the detector was typi-
cally 0.5 counts/min. This rate was more than
adequate for the present study, as many of the
radon concentrations reported here gave rise to
count rates on the order of 10 to 20 counts/min.
Background checks and standard source cali-
brations were routinely performed during the
flights, as described below.

2.3. Operational procedures

On a typical flight exposure of the first filter
sample began shortly after levelling off at the first
flight altitude, which was usually 11.3 km (37,000
feet.) During this first sampling period an initial
series of background and calibration counts was
run on the detector/counting system. At the end
of its sampling period, the exposed filter was
removed from the sampling system and placed
under the detector.

Filters were typically exposed for 30 min, and
counted for an approximately equal length of
time. This counting period was subdivided into
two or more intervals; for example, a 30-min
counting period would be subdivided into either 2
successive 15-min counting periods, or 3 success-
ive 10-min counting periods. Subdividing the
counting period in this manner was an important
part of the measurement procedure; the activity
of the short-lived radon daughters collected on
the filters decays at a known rate, so that the
observation of the expected decrease in activity
from one counting period to the next is a good
confirmation that the counts being recorded are
due to radon daughters, and not to a sudden
increase in background noise, or the presence of
other, longer-lived radionuclides.

A separate radon concentration calculation
was made (using eq. (1)) for each of the counting
periods, and one of the criteria for accepting each
of the radon concentration measurements re-
ported here was good agreement (allowing for
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statistical uncertainty) between the concen-
trations calculated for each subdivision of the
counting period.

As a further check, selected filters were
recounted following a flight, to verify that there
was no residual activity from long-lived radio-
nuclides. (The activity of the short-lived radon
daughters would decay away in a few hours). No
such residual activity was ever observed.

Between 3 and 7 samples were collected and
analyzed per flight, as dictated by the number of
background counts and calibrations, the schedul-
ing of other tests and evaluations, and the dur-
ation of the flight itself.

Our normal procedure called for at least 4
15-min background counts to be made during
each flight, at intervals of 60 min. In addition,
periodic in-flight checks on detector performance
were made with an 24!Am standard. The same
standard was used for all the results reported
here, assuring consistency between the various
flights and flight series. Finally, the absolute
calibration of the system (which included the
trapping efficiency of the filters as well as the
counting efficiency of the detector) was verified
by measuring the gaseous radon content of
several whole air samples, which were collected
simultaneously with filter samples and sub-
sequently analyzed in a laboratory system similar
to that used by Broecker and Peng (1971).

On the basis of the tests described above, and
the uncertainties in the flowrate measurement,
background count rate and detector efficiency,
the uncertainty of the radon measurement is
estimated to be + 159 for concentrations greater
than 7 pCi/SCM, and +1 pCi/SCM for lower
concentrations.

3. Results

A total of 61 radon concentration measure-
ments were made during the course of 13 flights
during the summers of 1983 and 1984. The flights
were made over the eastern Pacific Ocean, and
over the west coast of North America. Samples
were collected at altitudes ranging from 11.3 to
12.5 km. The radon concentrations determined
during these flights are tabulated in Table 1.

As mentioned earlier, radon concentrations in
excess of 16 pCi/SCM were observed in 9 of the
61 measurements, and during 6 of the 13 flights.

Tellus 42B (1990), 1

This value is more than five times greater than
the 1-2 pCi/SCM concentrations thought typical
of this region of the atmosphere.

In order to understand the origin of this radon-
rich air, two flights made during the course of a
deployment of the aircraft to Oahu, Hawaii were
selected for trajectory analyses. These flights are
discussed below.

28 July 1983. This flight was made to the
northwest of Hawaii. Takeoff was at 0620 GMT
(8:20 p.m. local time). Fig. 1 shows the flight
path of the aircraft, and the location and value of
each of the seven radon measurements made
during the flight. These concentrations are also
tabulated in Table 1. Aircraft altitude was
11.3km for the first sample, 11.9 km for the
second, and 12.5 km for the balance of the flight.
At 23°N 168°W some isolated high cumulus and
lightning was observed north of and well below
the level of the aircraft.

31 July 1983. This was the return flight to
Moffett Field. Takeoff was at 1924 GMT (9:24
a.m. local time). Cruising altitude during the
flight was 11.6 km. The flight path of the aircraft
on this date is plotted in Fig. 2, together with the
location and concentration of each of the radon
measurements made during the flight. These con-
centrations, together with the time, altitude and
location of each sample also appear in Table 1.
Scattered fair weather cumulus were observed at
low altitude throughout the flight.

4. Meteorological analysis

The probable source regions for the air masses
sampled during the 28 and 31 July flights were
determined by constructing trajectories from con-
secutive 12-h analyses of the Montgomery stream
function, y,,, on a constant potential temperature
(6) surface. The sum of potential energy and
enthalpy per unit mass,

U =(g2+ Cy Ty, @

where g is the acceleration of gravity, C, the
specific heat at constant pressure, and the height
z and temperature T refer to a constant € surface.
Values of ¥, at constant § are computed from
radiosonde observations and plotted by machine.
To obtain the accuracy required for contour
analysis, Z; and T, must not be determined
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Table 1. Summary of radon concentration measurements

Time Altitude  [Radon] Time Altitude  [Radon]
Date (GMT)  (km) (pCi/SCM) Date (GMT) (km) (pCi/SCM)
14 July 1983 0516 11.6 1 10 August 1983 0528 11.3 <1
0604 12.2 1.2 0620 11.9 19
0701 12.5 <1 0713 12.5 1.2
1001 12.5 11
19 July 1983 0357 11.3 5.5 1100 12.5 1.9
0436 12.5 6.5
0521 12.5 2.2 7 June 1984 0727 11.3 4.1
0736 12.5 <1 0830 11.9 11
0814 12.5 <1 0955 12.5 10
1106 12.5 9
22 July 1983 0500 12.5 <1 1252 12.5 9
0720 12.5 <1 1302 12.5 1.5
0822 12.5 1.2
11 July 1984 0353 11.3 32
26 July 1983 0405 9.4 20 0534 11.9 <1
0508 11.9 5 0716 12.5 <1
0810 12.5 8.2
17 July 1984 0312 11.3 9
28 July 1983 0702 11.3 3.8 0412 11.9 3.5
0741 11.9 26 0446 12.5 <1
0814 12.5 7.5 0540 12.5 <1
0850 12.5 1.9 0643 12.5 1.9
1007 12.5 6
1111 12.5 3.5 20 July 1984 0536 10.7 29
1225 12.5 40 0634 12.5 31
0735 12.5 16
30 July 1983 0718 11.9 18 0831 12.5 8.2
0756 11.9 9 0932 12.5 7.5
0833 11.9 <1 1046 12.5 23
0939 11.9 3.8
1052 12.5 38 24 July 1984 0521 11.9 1.2
1220 12.5 8.2 0616 12.5 <1
0717 12.5 <1
31 July 1983 1958 11.6 <1 0813 12.5 <1
2130 11.6 11 0908 12.5 <1
2212 11.6 14
2251 11.6 16

independently. Sufficient accuracy is achieved if
the P, used to compute Z, from the hydrostatic
equation is also used to compute T, from the
adiabatic form of the energy equation defining 0
(Danielsen, 1959):

o=T (“;ﬁ)"“ 3

The horizontal gradient of ), at constant 6
determines the geostrophic wind (direction and
speed):

ng =k1 X VH(Wm)G’ (4)

where f is the Coriolis parameter, 2w sin ¢; o is
the angular speed of the earth; ¢ the latitude; k,
a unit vertical vector; and Vy the horizontal
gradient operator.

Trajectories computed under the adiabatic
assumption are actually three-dimensional, but
(as we are working on A surfaces) the problem of
determining successive norizontal positions is
reduced to two dimensions. The corresponding
vertical positions and mean vertical velocities are
evaluated from the appropriate 8 analyses at the
successive horizontal positions. (A comparison of
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Fig. 1. Aircraft flight path for 28 July 1983.

MOFFETT
FIELD

Fig. 2. Aircraft flight path for 31 July 1983.

Tellus 42B (1990), 1
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the adiabatic and isobaric assumptions in
trajectory analysis is given in Danielsen, 1961.)

The relative importance of the y,, and the wind
analyses in a given trajectory computation
depends upon the density of rawinsonde obser-
vations. In data-rich regions the winds are of
primary importance and the , analyses sub-
ordinate, while in data poor regions like the
Pacific Ocean, the winds must be derived
iteratively from successive i, analyses.

As a first approximation to V, eq. (4) is used to
determine F,. Then the generalized gradient
wind equation
VZ
—+fV=fV,cosqa, ®)
Ry
is used to compute a second approximation to ¥
by setting o = 0, and Ry, the radius of curvature
of the trajectory, equal to that of the ¥, isoline. (o
is the angle between V and ¥, and is positive
when V is to the left of ¥,.) A 6-h displacement
backward in time along the ,, isoline determines
a point on the r— 12h map. Another 6-h dis-
placement at the same speed but along the v,
isoline on that map determines the first approxi-
mation to the trajectory.

At the 1 — 12 h point eq. (5) is used to evaluate
V, again assuming R;y=Ry, at t—12h. If
V(t — 12 h) differs from V(¢), the speed acceler-
ation equation

vV
(:l—l=ngsin<x ©)

is used to determine a mean value of o for the
12-h interval. The second approximation to the
trajectory includes a displacement at a slight
angle, &, to the ,, isolines. For example, if
V(£)> V(t—12h), the backward displacement
crosses the ¥, isoline towards larger values. After
a series of successive 12-h positions are estab-
lished, the points are joined by a smooth curve
which then allows Ry to be evaluated for each
map. If R; differs from Ry, on any map, the
entire procedure is repeated with refined curva-
tures, velocities and displacements until the ap-
proximations converge to acceptable limits, i.e.,
until the left and right sides of eqs. (5) and (6)
balance to <10%,. If successive approximations
diverge, trajectories are computed from a matrix
of points to aid in identifying an analysis error.
For example, it may be necessary to increase or
decrease the ¥, gradients on a given map. One

such adjustment was required in the current set of
maps. In addition, time continuity charts were
constructed following the method of Danielsen
(1980), which was developed specifically for use
in low data density regions.

To compensate for the low density of radio-
sonde observations over the Pacific we made
extensive use of infrared cloud photographs from
the United States and Japanese geostationary
satellites, transferring the outlines of cold, upper
tropospheric clouds to the corresponding 6 charts.
Boundaries of moist and dry air from the 6.7 u
water vapor channel of the United States (GOES)
satellite were also transferred to these charts.
These boundaries, separating the dry air to the
north (or west) from moist air to the south (or
east) also delineate the separation between dry
stratospheric air and moist upper tropospheric
air. By charting the successive positions of these
boundaries the location of the jet stream can be
established. In general, when the jet undulates
the ¢, isolines are curved negatively (anti-
cyclonically) in (moist) tropospheric air and posi-
tively (cyclonically) in (dry) stratospheric air.
Thus the abrupt change from moist to dry air
occurs well in advance of an amplifying trough,
where the ¥, curvatures change from negative to
positive. The positive curvatures west of the dry
boundary form the trough several hundreds of
kilometers west of, and parallel to, the dry
boundary.

The latter pattern recognition example dis-
cussed above is presented, in part, to emphasize
the continuity of ¥,, analyses where the isopleths
cross pattern boundaries. No zero or higher order
discontinuities are imposed, so that the bound-
aries do not define closed subsystems, and mixing
across boundaries is recognized as physically
possible. Indeed, the boundaries are maintained
by the competing action of large scale defor-
mations, which tend to increase gradients, and
small scale mixing, which tends to decrease
gradients. An example of a strong deformation is
discussed later in this section.

Following the procedures outlined above, the
trajectories presented in Figs. 3 and 4 were
constructed backwards in time from the positions
where the radon measurements were made on the
28 July and 30 July flights. However, it is more
convenient to discuss them in the opposite sense,
i.e., with time increasing.

Tellus 42B (1990), 1
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Fig. 4. Air mass trajectories constructed for the 31 July flight.

The trajectories constructed for the 28 July
flight (Fig. 3) begin at 1200 GMT on 24 July, and
end 4 days later to the northwest of Hawaii. They
are accompanied by 4 of the y,, analyses (Figs.
5a-d) used to construct them. (A total of 22

Tellus 42B (1990), 1

analyses were prepared, at 12-h intervals, for the
period 22 July-1 August. To save space, only
those needed for the present discussion are
reproduced here.)

The trajectories constructed for the 31 July
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Fig. 5. Four of the Montgomery stream function analyses used to construct trajectories for the 28 July flight. Units
are 100 m? s2, and contour intervals 500 m? s2. Wind indications conform to the standard convention, with each
full barb corresponding to 5 m s~! (10 knots), and a pennant to 25 m s~! (50 knots): (a) 1200 GMT, 25 July 1983;
(b) 1200 GMT, 26 July 1983; (c) 1200 GMT, 27 July 1983; (d) 1200 GMT, 28 July 1983.

flight (Fig. 4) begin at 1200 GMT on 29 July, and
end several hundred kilometers off the California
coast, at 0000 GMT, 1 August. Three of the ¥,
analyses used to construct these trajectories
appear as Figs. 6a—.

The trajectories originating over the eastern
Asiatic continent at 1200 GMT 24 July (Fig. 3)
oscillate about 40°N to the west of the dateline,
with two reversals in the sign of their curvature
as the air moves eastward more rapidly than the

Tellus 42B (1990), 1
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Fig. 5 (cont’'d)

ridge-trough-ridge patterns. East of the dateline The increasing centripetal force produced by
the large negative curvature accelerations and the increasing ¥, gradient then turns the air
speed decelerations carry the air southward and  cyclonically and increases the speed of the parcels
westward into the influence region of a westward A and B. A westward or southwestward
propagating and intensifying cyclonic vortex, a  propogation of mid-Pacific cut-off lows is
closed low in the ¥, analyses. common, especially during the summer and fall

Tellus 42B (1990), !
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Fig. 6. Three of the Montgomery stream function analyses used to construct trajectories for the 31 July flight:
(a) 0000 GMT, 30 July 1983; (b) 0000 GMT, 31 July 1983; 0000 GMT, 1 August 1983.

seasons; hence sudden latitudinal displacements
such as the one from 40°N to 20°N exhibited by
these trajectories are common also.

At 1200 GMT 24 July, parcels A and B were
located in a band of cold upper tropospheric
clouds, while parcel C was in clear air to the

north of the cloud band, on the cyclonic side of
an upper level jet. This same cloud band, now
advecting off the continent, is toned grey in the
analysis of Fig. Sa. Referring to the trajectories in
Fig. 3 and comparing the 1200 GMT 25 July
positions, one finds that A and B are in the cloud
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f¥

Fig. 6 (cont’d)

band, while C, once again, is to the north of the
band in cloudless air.

When the air turns anticyclonically, east of the
dateline, the associated descent and com-
pressional warming evaporates the clouds, but
the contrast between the moist and dry air was
still clearly visible in the GOES-West 6.7 u water
vapor emission pictures. At 1200 GMT 28 July,
parcel C was located on the cyclonic side of the
jet (Fig. 5d), in dry air. Thus, both its position
relative to the vortex center and its trajectory
from the cyclonic side of the jet over the Asian
mainland are consistent with a stratospheric
rather than a tropospheric origin.

In this context, it is relevant to note that the
zonal-monthly mean position of the 350K 6
surface spans the upper troposphere from the
equator to the mean position of the westerly jet
(40°N to 45°N and ~200mb), and is in the
stratosphere between the jet axis and the pole.
Therefore, statistically, the mean jet separates
tropospheric 350K air south of the jet from
stratospheric 350K air north of the jet.

As the ¢, analyses of Figs. Sa-d suggest
however, the zonal-monthly jet is a mathematical
residual of an oscillating, sometimes splitting,
sometimes merging, nonsteady jet (or jets.) When
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a jet splits, or bifurcates, it continues to separate
air of different origins, as does the mean jet. For
example, in an experiment conducted near
Hawaii in November, 1983 (Danielsen et al.,
1987) in which an aircraft traversed the jet at
350K, tracers characteristic of the troposphere
(CO and water vapor) were enriched on the
southern (anticyclonic) side of the jet, while
tracers characteristic of the stratosphere (ozone
and nitric oxide) were enriched on the cyclonic
side.

The trajectories derived for the observations of
31 July (shown in Fig. 4) are remarkably similar
to those one might deduce from the zonal-
monthly mean charts for July, until the air
approaches the west coast of North America.
Moving rapidly eastward between 40°N and
45°N, the air parcels cross the Pacific in just over
two days. Then, as the parcels approach an
amplifying north-south trough, the y,, gradient
weakens and the flow becomes increasingly
supergeostrophic, turning anticyclonically with
rapidly decreasing speeds. The loss in kinetic
energy is compensated by an increase in
the sum of potential energy and enthalpy; i.e.,
by an increase in ¥, (Danielsen, 1961;
1974).



58 M. A. KRITZ ET AL.

Because of the sparsity of meteorological obser-
vations in the western Pacific, this description
based on the trajectory computations may be
difficult to accept. However, Fig. 6¢ includes
another example of this behavior, occurring in a
data rich region. There is a similar sharp trough
in the upper left corner of the figure, behind
which the y,, contours diverge and the observed
flow is strongly difluent. Streamlines (lines paral-
lel to the local flow) systematically cross v,
contours towards larger ¥, values, while speeds
decrease from 50+ to 12-15ms~! (100+ to 25—
30 knots). The conversion of energy is explicitly
obvious; indeed, the air must decelerate to slow
speeds before it can be turned cyclonically and
pass the trough.

Two days earlier, on 30 July, (Fig. 6a) the ¢,
gradient was strong enough to turn the air
cyclonically at speeds of 25 ms~!. However, as
the difluent flow developed over the next 24 and
48 h, the trough sharpened and was extended
southwestward, while the y, gradient in the
trough weakened. (In effect the trough corre-
sponds to the axis of dilation of a strong defor-
mation, acting to extend the trough.) This same
sequence of events is also seen in the trough
approaching the western coast of North America
in Fig. 6c.

These examples illustrate the importance of
incorporating speed as well as curvature vari-
ations into trajectory computations. Because of
the paucity of data, we do not claim that the
trajectories presented in Figs. 3 and 4 are
unambiguous. Nevertheless, the trajectories are
dynamically consistent with the y,, fields, which
in turn are consistent with the satellite and
radiosonde observations.

5. Discussion

The upper tropospheric radon concentrations
observed during the 28 and 31 July flights (and,
for that matter, the entire series of upper tropo-
spheric radon concentration measurements pre-
sented here) did not show the expected behavior.
Instead of the low (1-2 pCi/SCM) and relatively
invariant concentrations expected, the actual
radon concentrations were found to be extremely
variable in space and time, with both mean and
maximum values considerably greater than what
had been expected on the basis of the limited

number of upper tropospheric measurements
available prior to this work.

The trajectory analyses presented in the
preceeding section showed that the air sampled at
altitude on 28 and 31 July with the highest radon
concentrations had been located in the upper
troposphere over Asia some two to four days
earlier. In those analyses it also was seen that the
rapid eastward transport occurred in regions
where cold cirrus clouds were present in the
satellite infrared photographs. The implication of
these results is that radon-rich near-surface air
was transported upward with the water vapor
that produced these clouds.

The most probable form of vertical transport in
this situation is within cumulonimbus updrafts
originating in the boundary layer where both
radon and water vapor concentrations are large.
In large cumulonimbus clouds such near-surface
air can reach the upper troposphere in less than
an hour (e.g., Newton, 1966). Since radon, a
noble gas, is not significantly scavenged by
precipitation, and radioactive decay during the
rapid ascent would be negligible, dilution with
entrained environmental air was probably the
dominant factor reducing radon concentrations
during this phase of the transport.

The hypothesis that thunderstorms over conti-
nental Asia provided the rapid vertical ascent
was tested by examining the Nimbus 7 satellite
observations and the 0000 GMT and 1200 GMT
surface weather observations for 24 and 29 July,
the dates when the trajectories passed over north-
eastern China.

On the 24th, the satellite photos (visible and
infrared) showed two bands of convective storms
oriented NE-SW over eastern China. Numerous
surface observations of thunderstorms, lightning
and cumulonimbus clouds with cirrus anvils
confirm that these lines, particularly the eastern
line, included major continental convective
storms capable of transporting radon-rich surface
level air to the upper troposphere. The eastern
line, oriented from 30°N/113°E to 40°N/120°E at
0000 GMT on the 24th, intensified during the
day as it moved eastward by about 5 degrees of
longitude during the period 0000-1200 GMT.
The fact that the thunderstorms were organized
in lines is consistent with surface convergence
being the probable initiation mechanism.

Another line of convective activity over
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northeastern China was evident in the Nimbus 7
satellite observations and confirmed by thunder-
storm observations on the 29th. In this case the
line of activity extended from 30°N/100°E,
through 35°N/115°E, and terminated at
45°N/13°E.

Thus, in both instances active thunderstorms
were within the probable trajectory source
regions determined for the high radon concen-
trations observed near Hawaii and over the
eastern Pacific on 28 and 31 July.

If the reduction in the initial boundary-layer
radon concentration during the ascent (due to
entrainment of radon-poor tropospheric air) is
taken to be on the order of 509 (Danielsen,
1977), and further reductions during the eastward
transport from mixing with upper tropospheric
air and from radioactive decay during a 3-day
transit are estimated to be of the order of 509,
and 409 respectively, this would result in a
nominal overall reduction in radon concentration

20
X
15+ X
@ X
5 X
2 X
E X X
? 10 § §
2 X X X X
@ X X X X X
§ X X X X X
X X X X X
*Tx X X X X X
X X X X X X
X X X X X X
X X X X X X
X X X X X X X
<1 I 1-2 ‘ 2-4 l 48 l 8-16 I16—32I32—64J

RADON CONCENTRATION RANGE (pCi/SCM)

Fig. 7. Frequency distribution plot of the 61 radon
measurements.
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to about 159 of the original, near-surface value.
Radon concentrations in the continental bound-
ary layer are typically on the order of 100-300
pCi/SCM (Cox et al., 1970; Lambert et al., 1982;
Liu et al., 1984). Higher concentrations are
frequently observed however, particularly in the
morning hours (Gold et al., 1964), and at the
downwind edges of continents (Turekian et al.,
1977). Thus, the transport processes discussed
here are not inconsistent with the elevated radon
concentrations observed during the 1983 and
1984 flight series, including the exceptional 40
pCi/SCM value observed on 28 July.

Considering the data set as a whole, it is clear
that the elevated radon concentrations observed
on 28 and 31 July were not an isolated
phenomenon. However, while the mean of the 64
measurements, 7.5 pCi/SCM is significantly
higher than the 1-2 pCi/SCM values thought
typical of the upper troposphere, a more striking
pattern is seen if the individual observations are
plotted as a frequency distribution, as has been
done in Fig. 7. The observations have a distinctly
bimodal distribution, with approximately % of the
observations falling close to 1 pCi/SCM, and 3
falling in a high concentration mode centered at
about 11 pCi/SCM. This pattern is inconsistent
with that which would be observed if turbulent
mixing were the dominant means of radon verti-
cal transport, but is consistent with the thesis that
most of the radon observed in this series of
measurements was carried aloft by localized
vertical convection. ’

Because of its near-surface source and rapid
transport, the radon-rich upper tropospheric air
observed in this study was almost certainly en-
riched in other continentally-derived trace con-
stituents as well, particularly those not removed
by precipitation scavenging, and with free tropo-
spheric lifetimes on the order of a few weeks.
Thus our findings would be consistent with
Ehhalt et al.’s (1985) attribution of some of the
elevated light hydrocarbon concentrations they
observed in the upper troposphere during the
STRATOZ II experiment to ascent in localized
convective cells. In this regard, both our obser-
vations and those of Ehhalt et al. appear to be
consistent with the Walker circulation effects
postulated by Newell et al. (1988).

Finally, we would refer those interested in
long-range transports across the Pacific to the



60 M. A. KRITZ ET AL.

extensive body of knowledge generated in the
SEAREX program, e.g., Duce et al. (1982),
Uematsu et al. (1983) and Merrill et al. (1985).
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