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ABSTRACT 

The role of the tropopause as a thermal barrier to aerosol transport and direct strato- 
spheric tapping by precipitation processes has been studied extensively. Several dif- 
ferent transport mechanisms across this inversion, including some involving precipita- 
tion-scavenging processes, have been postulated. Gradients of radioactive aerosols 
are also expected across low-level inversions within the troposphere. These are generally 
more accessible for experimental study. 

Several of our studies on the meteorological influences on radioactive aerosol depo- 
sition by precipitation have involved the presence of inversions, both a t  the tropopause 
and at low levels. The inversion aspects of three prior studies are reviewed. The first 
involves the penetration of the tropopause by convective storms. Radiochemical and 
radar-meteorological analyses of two severe storms in Oklahoma in May 1963, both of 
which penetrated to heights above the tropopause, are compared to data for three 
contemporary convective storms in central Pennsylvania none of which penetrated 
the tropopause. The second concerns the changes in radioactivity concentration in 
precipitation associated with the overturning of the marine layer during a Pacific 
extratropical cyclone sampled a t  Santa Barbara, California, on February 7, 1962. 
The third involves an examination of the vertical distribution and transport by air 
motion and precipitation across the trade wind inversion at Hawaii during periods in 
1963 and 1964. 

1. Introduction 

The effect of temperature inversions on the 
transport of aerosols in the atmosphere is of 
interest in the study of the deposition of radio- 
active aerosols. Transport mechanisms by air 
motions across the broposphere have been pos- 
tulated by DANIELSEN (1959), STALEY (1962), 
and REITER (1964). Direct stratospheric tapping 
by convective activity ha,s been suggested by 
KRUCER & HOSLER (1963) and, more recently, 
by DINGLE (1965). Temperature inversions also 
exist in the lower levels of the troposphere, 
where they are more accessible for experimental 
study. 

During our investigations of meteorological 
influences upon deposition of radioactive 
debris by precipitation (KRUCER, HOSLER 
& MILLER, 1965), temperature inversions were 
noted to  be of importance in three systems, 
those involving (1) convective activity and 
severe storms in Pennsylvania and Oklahoma 

(BOOKER, HAMADA & KRUGER, 1965), (2) a 
large-scale extratropical cyclone in California 
(KRUCER & MILLER, 1964) and (3) the trade 
winds in Hawaii (KRUQER & MILLER, 1965). 

The detailed examinations of each of these 
three precipitation-producing systems have been 
given in their respective reports. Those features 
which involve the effect of an inversion are 
reviewed here. 

2. Penetration of the tropopause 

Our first indication of the effect of the tropo- 
pause on rainout deposition occurred in the 
study of an  intense frontal system in Pennsyl- 
vania on March 8, 1961, in which scattered 
thunderstorms developed (KRUCER & HOSLER, 
1963). This storm occurred more than 2 years 
after the cessation of atmospheric nuclear 
weapons tests in 1958, and about 6 months 
before the resumption in September, 1961. 
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FIG. 1. Collection networks in Oklahoma for 1963. The shaded area is the Chickaaha rain-gauge net- 
work of the May 4 storm. The solid points are the locations of the time collections of the May 20 storm. 

Although the general levels of SrBo in ground- 
level rain during thie period were well below 
10 dpmfliter, a rainshower collected from a 
convective cell during the March 8, 1961 storm 
yielded a concentration of over 60 dpmfliter. 
“his cell developed, secording to radar obser- 
vations, under one of the “leaves” of the 
tropopause and in the vicinity of the jet stream. 

Additional studies of convective storms in 
Pennsylvania (KRUGER & HOSLER, 1963) led 
to a hypothesis of direct tapping of radioactive 
debris from the stratosphere aa condensation 
nuclei for precipitation occurring in convective 
storms in accordance with the thunderstorm 
model of BYERS (1959). High radioactivity 
concentrations could be expected during the 
mature stage of the thunderstorm when the 
cloud reached maximum height and when water 
might evaporate to sustain the downdraft. When 
the cloud tops also penetrate the tropopause, 
the availability of stratospheric radioactive 
aerosols could enhance the ground-level con- 
centration even further. Such direct tapping of 
the stratosphere was considered as a possible 
mechanism acting in concert with the processes 
involving direct air transfer through the breaks 
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in the tropopause to explain the increased 
deposition rates during the Spring months. 
The observations by DANIELSEN (1964), AN- 
DERSON (1965), and others that thin layem of 
air of recent stratospheric origin could be found 
in the middle and lower troposphere with con- 
served aerosol content introduced still another 
parameter in the study of transport mechanisms 
acro’oB8 the tropopause. 

During the 1963 severe storm season in 
Oklahoma, a study was made of the effect of 
tropopause penetration by convective storme. 
Showers were collected in the 170-raingage 
network of the Chickasha Agricultural Re- 
search Station and a t  several other sites, in- 
cluding a truck-mounted collector. These sites 
are shown in Fig. 1. Severe storms were sampled 
in these networks on May 4 and May 26, 1963. 
The latter storm included a family of tornadoea 
and waa the subject of extensive studies. Our 
date, for this storm is included in a comprehen- 
sive study of the storm being prepared by 
BROWNING & FUJITA (1965). 

These two severe storma (BOOKER, HAMADA 
& KRUGER, 1965) were sampled during the 
same general period when three convective 
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TABLE 1. Sroo concentration in Oklahoma severe storms and Pennsylvania convective showers, 1963. 

( 1 )  is Haskell, (2) is Shawnee plus Midwest City, Oklahoma. 

Storm, date April 22 May 4 May 10 May 21 May 26 
Location Pa. Okla. Pa. Pa. Okla. 
Peak SrBo conc. (dpm/liter) 420 250 125 170 (1) ;  114 (2) 
Ave. Sr0O conc. (dpm/lit,er) 205 195 165 85 88; 122 ( 1 )  63 (2) 
Max. radar echo tops (meters, MSL) 11,000 17,000 12,000 5,000 18,000; Est. 

- 

11,500 ( 1 )  
18,000 (2) 

Tropopause ht. (meters, MSL) 12,000 11,500 13.500 12,000 12,000 

shower storms were being sampled at our Penn- 
sylvania site (KRUCER, DAVIS & HOSLER, 1964). 
The SrBO data for these five storms, related to 
the height of the tropopause, are given in 
Table 1. These data show an apparent lack of 
high level nuclear debris concentrations in the 
severe storms. The cloud tops of these severe 
storms rose to heights of almost 20 km, well 
above the tropopause, while the cloud tops of 
the convective showers in Pennsylvania were 
all below the tropopause. The storms occurred 
during a period when considerable nuclear 
weapons debris existed in the stratosphere. The 
evaluation of these data is underway. However, 
with reference to temperature inversions, these 
data show the obvious difficulties associated 
with observations of the effect of the tropopause 
on aerosol transport at heights of about 15 km 
by sampling precipitation at sea level. Subse- 
quent studies of inversion effects were made by 
examining aerosol transport across low-lying 
inversions by air motions and precipitation 
processes. 

3. Overturning of a marine layer 

Our first observation of the effect of a low- 
level inversion occurred during the study of a 
Pacific cyclone (KRUGER & MILLER, 1964) that 
was sampled near Santa Barbara, California, 
on February 7, 1962, a t  elevations of 50, 600, 
and 1200 m. The time section for this complex 
Pacific cyclonic storm is given in Fig. 2. The 
period of interest involving the effect of a 
marine inversion is shown by the event arrows 
at 0500 PST when rain began, 0630 when rain 
reached ground level, and 0830 when the marine 
layer overturned. During this latter period, the 
Sr90 concentration dropped from about 30 to 
about 6 dpm/liter, and then recovered to about 

30 dpm/liter. The time section shows the exis- 
tence of a moist marine layer up to about 650 
m, topped by a dry middle layer, and an alto- 
stratus cloud layer associated with the approach- 
ing storm above the dry layer to a height 
of about 5500 m. The earlier rain from the 
altostratus clouds resulted in the saturation of 
the dry layer establishing a moist-adiabatic 
lapse rate in the layer. Fig. 2 also shows at 
this time a rise in rainfall intensity from about 
1.6 to about 8 mm/hr. Since there was no 
evidence for strong convective activity in the 
upper levels, the increase in rainfall intensity 
was attributed to the water from the marine 
layer entering the precipitation processes. Since 
these drops of water formed within and below 
the marine inversion, it would be expected that 
the SrBo concentration should be lower. With 
the completion of the overturning, the separate 
character of the lowest layer was destroyed 
and precipitation fell from the total layer 
between sea level and about 5500 m. It is noted 
that this description is dependent upon the 
postulate that a gradient of SrBo aerosol con- 
centration existed across the marine inversion. 
The postulate is supported by the observations 
of WOODCOCK (1953) and others on the effect 
of the trade-wind inversion as a barrier to sea- 
salt transport. To examine the role of marine 
inversions more fully, we initiated a study of 
the transport of radioactive aerosols by air 
motions and precipitation across the trade-wind 
inversion at Hawaii. 

FIG. 2. Meteorological and radiochemical analysis 
of a Pacific Coast storm at Santa Barbara, Celifor- 
nia, on February 7, 1962. The event arrows at 
0500, 0630, and 0830 PST, depict the period of 
interest involved in the overturning of the marine 
layer. 
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ISLAND of HAWAl I 

FIG. 3. Mauna Loa Volcano, 
Hawaii. Topography and 
collection network. 
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4. Trade-wind inversion 

The collection network on the island of 
Hawaii is shown in Fig. 3. This location has 
been shown (PROJECT SHOWER, 1957, and PRICE 
L PALES, 1963), to be well suited for this study 
because of the gentle orographic lifting associa- 
ted with the M a m a  Loa Volcano average slope 
of 7 % to a height of over 4 km, and the trade- 
wind inversion normally present a t  a height of 
about 2 km. 

During one-week periods in July, 1963, and 
August, 1964, air-filtered aerosol samples and 
trade-wind showers were collected a t  the loca- 
tions shown in Fig. 3 (KRUOER & MILLER, 1965). 
The aerosol samples were collected on micro- 

sorban filters in high-volume Staplex air filters 
for about 4 hours each at a flow rate of about 
2 m*/min. The precipitation samples were taken 
aa time aliquot8 in 3.34 m* stainless steel fun -  
nels. Soundings of the atmosphere were taken 
at frequent intervals by radiosondes released 
at the U.S. Weather Bureau station at Hilo, 
Hawaii. Additional soundings were taken by 
pilot balloon ascents and by an aircraft carrying 
an aerometeorograph. 

During the July, 1963 period very little 
rainfall occurred. The inversion was strong and 
persistent at about 3000 m, with little moisture 
above the inversion. Fig. 4 shows the mean 
conditions prevailing during this period. The 
air concentration of radioactive aerosols shows 
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a well-defined gradient across the inversion. 
The ratio for the altitudes of 10: 1500: 3400 m 
is 1:2:5. 

The week of collections in August, 1964 was 
more successful, in that both dry-air filter 
samples and trade-wind showers were obtained. 
The atmospheric and radioactive aerosol con- 
centration data were prepared ae time sections 
and are shown in Fig. 5. The atmospheric time 
section shows the individual radiosondes (R), 
the pilot balloons (P), the aircraft soundings 
(A), the temperature and humidity gradients. 
The inversion heights are given in both time 
sections as rectangles. The gross beta concentra- 
tion in the lower time section is given in pc/lOO 
SCM. 

The oscillations in the boundary of the surface 
moist layer are indicated by the mixing ratio 
gradient (the dashed lines in Fig. 5 are mixing 
ratios in g/kg). It is noted that these oscillations 
are accompanied by changes in the vertical 
distribution of the radioactive aerosols. The 
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FIG. 4. Relationship of gross activity concentration 
gradient to the temperature and humidity profiles. 
The mean temperature (solid line), mixing ratio 
(dashed line), and gross activity concentrations 
(with average deviation) are for the period July 
10-13, 1963, at Hilo, Hawaii. 

lowering of the inversion height and humidity 
layers during the two dry periods at about 
1500 HST on August 6, and about 1500 HST especially at the 1500 m level, which would be 
on August 7 corresponds to the two periods of expected to reflect more strongly small changes 
maximum increase in the aerosol radioactivity, in inversion height. With the onset of the 

TABLE 2. SrB0 concentrations as a function of altitude for showers mowing upslope. 
July 12-13, 1963 

July 12, 1963 July 13, 1963 

Collection Time Mean SrQo Time Mean SrOO 
altitude period conc. pdriod conc. 
(meters) (hst) ( P C / l )  (hst) ( P C P )  

10 0633-0718 14.8 0940-0962 28 
750 0737-0834 7.6 1023-1 128 39 

1500 0803-0903 1.3 1015-1145 8.5 
2250 0842-0951 0.7 1200-1237 4.1 

August 8-9, 1964 

By 4-hour periods By significant changes 
Collection I - I  

altitude Start 0000 0400 0800 Start 0310 0500 0710 
(meters) 2400 0400 0800 end 0310 0500 0710 end 

10 7 2.1 1.9 0.4 3.3 0.6 3.0 1.5 
75 0 12 0.8 1.1 2.0 1.4 1.0 1.1 2.0 

2500 0.6 0.5 1.0 1.4 0.6 0.5 0.9 1.5 
2260 0.3 0.3 0.6 0.6 0.3 0.4 0.6 0.5 
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shower period on August 8, the aerosol concen- 
tration decreaaed at all levels. The temperature 
inversion and humid layer reached to a height 
of over 5000 m, as a result of convective acti- 
vity, destroying the character of the trade wind 
conditions. A description of the Sroo concentra- 
tion in these showers is given by KRUQER & 
MILLER (1965). The Sr80 concentrations as a 
function of altitude for showers moving up the 
slopes of Mauna Loa are summarized in Table 2. 
The data show that the concentration gradient 
below the inversion height is negative, in agree- 
ment with terrestrial-origin aerosol studies of 
WOODCOCK (1953) and DUCE, WINCHESTER & 
VAN NAHL (1965), even though a positive gra- 
dient of radioactive aerosols is expected with 
height in the air. These results are interpreted 
(KRUOER & MILLER, 1965) in terms of the 
cloud physics processes occurring below the 
trade-wind inversion. 

5. Summary 

Although the data given here are only the 
first resulting from our study of inversions, 
they clearly show the marked effects the pres- 
ence of temperature inversions may have on 
transport and deposition of radioactive aerosols. 

A gradient of concentration has been seen to 
exist across the trade-wind inversion, and 
changes in the vertical distribution of moisture 
with time were coincident with changes in the 
vertical distributions of the radioactive aerosols. 
Mixing between the surface moist layer and 
the upper dry layer appeared to be associated 
with oscillations of their boundary at the in- 
version. 

Current efforts include the analysis of aerosols 
and trade-wind showers collected at four alti- 
tudes (with one a t  2250 m for filtered aerosols 
in addition to those shown in Fig. 3) over a 
three-week period in July, 1965, and plans to 
study the continuity and characteristics of the 
trade-wind inversion aa it moves from the ocean 
to onshore and up the slopes of Mauna Loa 
Volcano. 
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BJIMFIHBE MHBEPCBB TEMnEPATYPbI HA BbIMbIBAHBE PA)JBOAHTMBHbIX 
A3P030JIEB OCAAICAMM 

Bnaa nonpo6~o n a y s e H a  ponb ~pononayab~,  
KBK T e n n o B o r o  6apbepa ~ J I H  n e p e H o c a  aapo- 

~ ~ ~ J I M Y H ~ I X  M ~ X ~ H H ~ M O B  n e p e H o c a  .repea 3 o ~ y  

aOJXefi M n p f l M O r 0  CTaTOC@pHOrO BbIMbIBaHUFl 
H X  OCaAKaMM. BbIJlO npeAIIOnOEW!HO H e C K O n b K O  

HHBepCHM,  BKJIIOYafl  H e K O T O p b I e  CJ lOmHbIe  np0- 
VeCCbI BbIMbIBaHIIf i  OCaAKaMH. B H M X H e M  IIH- 
BePCMOHHOM CJIOe T p O n O C @ p b I  TaKHCe OWH- 

AUOaKTHBHbIX a 3 p O 3 0 n e f i ,  HO OHM, KBK n p a B I U I 0 ,  
6onee AOCTYnHbI Aj r f l  a K C n e p M M e H T a J I b H O r 0  M 3 -  

B HeKOTOPbIX UCCJIeAOBaHHflX BJIMflHHR Me- 
TeOpOJIOrMYeCKHX a J e M e H T O B  H a  BbIMbIBaHHe 
P a A U O a K T I I B H b I X  a a p O 3 O J I e f i  HaMM 6bmo p a C -  
CMOTPeHO Ha j I I IYMe o6eax IIHBepCMfi:  B T p O n O -  

A a e T c x  H a n w i H e  r p a A H e H T a  K o H q e H T p a q m i  pa- 

yYeHMH.  

nayse M B H m x H e M  cnoe. C TOYKII 3pemm 
H a n a s m  l imepcm n e p e c M o T p e H o  TPM npen- 
IIIeCTBYIOlqMX IICCJleAOBaHMFl. n e p B O e  BKJIIOYaeT 

p a c c M o T p e s u e  n p o H u K H o B e H w i  sepea T p o n o -  
Ilay3y IlOCpeACTBOM KOHBeKTMBHbIX IIITOPMOB. 
C p a B H A B a I O T C f l  A a H H b I e  paAHOXUMRYeCKOI '0  A 

B O K n a X O M e  B M a e  1963 r. C AaHHbIMII  T p e X  
J'MepeHHblX IIITOPMOB B q e H T p a J I b H O f i  n e H C M . n b -  
BBHHH. n p M Y e M  06a I I ITOpMa B O K J I a X O M e  
n p O H A K a J I H  B 0 6 ~ 1 a C T b  H a g  T p O n O I l a y 3 O f i ,  B TO 
B p e M f l  K a K  B n e H C H J I b B a H H I I  HeT.  B T o p o e  P a C -  
C M a T p H B a e T  I I3MeHeHI lF l  PaAMOaKTHBHOCTM OCaA- 
KOB, CBf l3aHHbIX C CMJIbHbIM I I e p e M e I I I H B a H M e M  
n p H 3 e ~ H o r o  C n O R  BO B p e M H  T M X O O K e a H C K O r O  
aKCTpaTpOlTIIYeCKOl '0  UMKJlOHa B KaJIM@OpHMM, 

panapaoro a ~ a n u 3 0 ~  ~ B Y X  c u n b H b I x  IIITOPMOB 

H ~ ~ B ~ H H O ~ O  Santa Barbara (7 4 e B p a n s  1962 r.) .  
T p e T b e  H c c n e A o B a m e  p a c c M a T p H s a e T  B e p T H -  
K a n b H o e  p a c n p e A e n e H a e  P a i m o a w H B H b I x  aapo- 

n a c c a T e  H a  rasaflx B T e s e m e  1963 M 1964 r o A o B .  

30JIeB II n e p e H O C  MX nOCpefiCTBOM ABHmeHMJX 
BO3HYXa H OCaAKOB Y e p e 3  a O H b I  HHBePCMA B 
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