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Abstract Atmospherically-delivered "Be, *'’Po and *'’Pb in bulk precipitation and air samples collected around the globe have

provided valuable quantification on the rates of removal, as well as proportional mixing of attendant air masses; however, such
studies during thunderstorm and typhoon events are limited. We report the first continuous time-series rainwater sampling and
analysis of "Be, *'Pb and *'°Po from two typhoons and one thunderstorm during 2015 summer in Shanghai. The depositional
fluxes within individual rain events of typhoons and thunderstorms varied by a factor of 10 for "Be, 5.7 for *'°Pb, 7.4 for *'°Po,
and 7.0 for ‘Be/"'’Pb activity ratios (AR). Such large observed variations in the depositional fluxes of "Be, *'°Pb, *'’Po and
"Be/*'’Pb activity ratios were attributed to air masses injected from surrounding high pressure system adjoining the typhoon to
low pressure system within the typhoon. Based on Be/*'’Pb activity ratios, we estimated the variations in the fraction of
maritime and continental air masses into the typhoon. Observed constancy in the *%o/*'°Pb AR indicates that the residence
times of air masses contributing to the typhoon during heavy rain are similar. From a synthesis of global fallout of "Be and *'’Pb
during pulse events (precipitation>50 mm from single rainout event), we quantify the importance of pulse events in the
atmospheric fallout of these radionuclides.
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1. Introduction

Atmospherically delivered beryllium-7 (7Be, half-life, T,/
210

=53.3 d), lead-210 (* Pb, T,,=22.3 yr) and polonium-210
(*'°Po, T,,=138.4 d), have been widely used as tracers for
studying atmospheric and surface earth processes such as
time scales of atmospheric mixing (both horizontal and
vertical), stability, and removal/transport of air masses,
source tracking, rates of soil erosion and sediment accumu-
lation/mixing in aqueous systems (e.g. Baskaran, 1995; Chen
et al., 2016; Dibb, 2007; Du et al., 2008, 2015; Feely and

Seitz, 1970; McNeary and Baskaran, 2007; Moore et al.,
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1973; Pham et al., 2011; Poet et al., 1972; Turekian and
Graustein, 2003). Beryllium-7, a cosmogenic radionuclide, is
produced primarily in the stratosphere and upper troposphere
through cosmic-ray spallation with oxygen and nitrogen
atoms and its flux to the earth’s surface has a latitudinal
dependence (Lal et al., 1958; Lal and Peters, 1967), hence its
concentration in the atmosphere is expected to be higher at
high altitudes above cloud condensation height. Due to its
particle-reactivity, "Be is readily absorbed by aerosol parti-
cles in the air and eventually reach the earth’s surface via wet
and dry deposition. Though the Be production rate at any
given latitude in the atmosphere does not change with sea-
son, the intrusion of lower stratospheric air to the tropo-
sphere in mid-latitudes leads to enrichment of "Be
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depositional fluxes during late winter and early spring (Du et
al., 2015; Feely et al., 1989; Yamamoto et al., 2006). In
contrast to 'Be, >'’Pb is a progeny of **Rn (T,,=3.82 d),
which emanates primarily from the rocks and minerals on the
earth’s upper crust and embarks on its journey in the atmo-
sphere via advection and diffusion. During its transit, it un-
dergoes radioactive decay to b which in turn decay to
%o via *'"Bi (T,/,=5.0 d). The global radon emission fluxes
from continents are ~76 to 106 times higher (1300-1800 Bq
m dfl) compared to that from the oceanic surface
(17Bqm >d ") and hence *'°Pb flux strongly depends on
longitude, whether it is above ocean or continent (Baskaran,
2011). Similar to "Be, both *'’Po and *'’Pb are also particle-
reactive and are primarily removed by wet precipitation from
the atmosphere (Baskaran, 2011; Du et al., 2008; Hirose et
al., 2010; Pham et al., 2013).

The study area, Shanghai, is partially impacted by the
Asian Monsoon system, with the northwest wind from the
mainland of China with *’Rn-enriched continental air mas-
ses and the southeast wind from the East China Sea (ECS)
and the Pacific Ocean bringing 222Rn—depleted maritime air
masses (Bi, 2012; Du et al., 2015). As a result, the difference
in the sources of these air masses is anticipated to reflect in
the depositional fluxes of >'’Pb and possibly on *'°Po, but it
is anticipated not to change so much for "Be. Moreover, from
the analysis of the global *!°Pp fallout data set obtained from
sampling locations with differing meteorological and geo-
graphical conditions, it was found that the *'°Pb depositional
fluxes increase with distance from the coast in inland regions
(distance from the coast >50 km) while in onshore regions
(distance from the coast <50 km), the *1%h depositional
fluxes varied considerably and increased with the increase in
the amount of precipitation (Du et al., 2015).

All the earlier radionuclides studies were mostly focused
on the bulk depositional fluxes over a longer periods of time
(>1 year) and concentrations in aerosols of 'Be, *'%Pb and
10p, (Dueiias et al., 2001; Kim et al., 2000; Lozano et al.,
2011; Olsen et al., 1985; Persson and Holm, 2014; Pham et
al., 2013; Su et al., 2003); however, studies focused on single
rainout event are limited (Chen et al., 2016; McNeary and
Baskaran, 2003, 2007; Tateda and Iwao, 2008; Ugur et al.,
2011). Furthermore, to our knowledge, until now there is no
published data on the temporal variations of the "Be/*'’Pb
and >'°Po/*'°Pb activity ratios (AR) in rainout event from a
single cloud cover corresponding to typhoon (also known as
hurricane or cyclone) event. In this study, we report for the
first time the temporal variations of the depositional fluxes of
7Be, 210Pb, %y and how the AR of 'Be/”'’Pb and
*%Po/"'Pb evolve with time in precipitation from two ty-
phoons and one heavy thunderstorm during summer 2015 in
Shanghai, China. In conjunction with the air mass trajectory
analysis, we evaluated the factors and processes that affect
the radionuclides activities, depositional fluxes and their
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ARs of "Be, *'°Pb and *'’Po. The results from the present

study will help us improving our understanding of the dy-
namics, sources of air mass injection into the hurricane-
condensing cloud and whether *%Po/*'Pb and 'Be/*'’Pb
ARs can be utilized as a tracer for “older” air mass mixing
with a relatively “younger” air mass.

2. Materials and methods

The sampling site was located on the roof of the State Key
Laboratory of Estuarine and Coastal Research (SKLEC)
building at the East China Normal University (ECNU),
Shanghai, about 50 m above sea level (31°13'39"N, 121°23'
56"E) and about 50 km from the nearest ECS coast (Figure
1).

An acid-cleaned 120 L polyethylene drum (0.26 m’ sur-
face area) was deployed on the roof to collect the pre-
cipitation samples. Between successive sampling, the drum
was cleaned repeatedly with 6 M HCI and the rinsing was
combined with sample for further processing. In this study,
continuous rainwater samples from each of the three major
precipitation events (RE-I, heavy thunderstorm with a total
rainfall of 126.6 mm, 26-28 June 2015; RE-II, typhoon
Chan-hom, No. 1509, 134.0 mm, 10-12 July 2015; and RE-
I, typhoon Dujuan, No. 1521, 55.0 mm, 28-30 September
2015) were collected (Table 1, Figure 1).

The chemical processing of rainwater samples was similar
to those described in our previous work (Du et al., 2015;
McNeary and Baskaran, 2007). Briefly, rainwater samples
were collected by a polyethylene drum with a surface area of
0.26 m” on the roof of the SKLEC building. After the col-
lection, the samples were transferred to the laboratory, added
~1 dpm of *®po spike and subsequently reduced the volume
to ~100 mL by evaporation at 90°C on a hot place. The
solution of ~100 mL was subsequently filtered using a glass
fiber filter with pore size of 0.45 um and then evaporated
again to ~60 mL. Concentrated NH,OH was added to the
solution to adjust the pH to about 1.5, and 0.3 g ascorbic
acid, 1 mL 20% hydroxylamine hydrochloride and 1 mL
25% sodium citrate were added. Then polonium was elec-
troplated on a nickel disc at 80-90°C with a magnetic stirrer
on for 4 h. After the plating was complete, the nickel disc
was rinsed with deionized water and ethanol, and then dried
at room temperature. The activity of *%Po was assayed using
an alpha spectrometer (7200-08, Canberra Company). The
plated solution was then evaporated to <5 mL and then
transferred quantitatively to a counting vial for gamma
counting using a HPGe gamma-ray detector system (OR-
TEC, GWL-120210-S) for *'°Pb (46.5 KeV, 4.25%) and 'Be
(477.6 KeV, 10.5%) assay. The calculation of the activities of
"Be and *'’Pb assumes that there is no loss of these nuclides
from evaporation till transfer to gamma counting vials.
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Figure 1 Sampling location and the tracks of typhoon Chan-hom and Dujuan.

Detailed calculations of the activities of ‘Be and *'’Pb are
given in Du et al. (2015).

Air masses backward trajectory analyses were conducted
with the Hybrid Single Particle Lagrangian Integrated Tra-
jectory (HYSPLIT) model developed by the National
Oceanic and Atmospheric Administration (NOAA). The
backward trajectories were calculated at every sampling time
interval (converted to the UTC time when using the HY'S-
PLIT), including 72 h prior to the onset of heavy precipita-
tion, at heights 1.5, 5 and 12 km above mean-sea-level. The
initial altitude was set as 1.5 km for the back trajectories
because this height is assumed to represent the base of pre-
cipitation cloud (Li, 2009) and the transportation of air
masses is through lower atmospheric layer. The 12 km height
was set as the top of the air mass trajectory height and the air
mass transportation was assumed to be between the tropo-
sphere and the lower stratosphere (Peng et al., 2011) and the
5 km height was chosen to represent the air masses trans-
portation in the middle troposphere.

3. Results

3.1 Meteorological conditions in Shanghai during
summer

Annual precipitation in Shanghai is usually more than
1100 mm of which ~50% takes place during the raining
season (June—August) when summer monsoon carries *’Rn-
depleted maritime air masses from the ECS. Samples from

RE-I and RE-II were collected during the plum rain season
(from 15th June to 13th July in 2015), when the Changjiang-
Huaihe quasi-stationary front remained stable around the
Changjiang Delta region, with the northern area of this sta-
tionary front having more continuous rain while in the
southern area, the weather was found to be hot with high
humidity, and with occurrence of many thunder storms. This
is known as “the plum rain” season (or called “Meiyu”
season in China and Baiu in Japan, Du et al., 2015; Meng et
al.,2007; Yang et al., 2005). Precipitation during 2015 “plum
rain” season (398 mm) was much higher than the average
amount of 245 mm in the past ten years, and this plum rain
season contributed about 45% of total precipitation during
the flood season (877 mm, June-August, Shanghai water
authority, 2015). There were totally 96 typhoons affected
Shanghai from 1949 to 2015 and the numbers of typhoons in
a year impacting Shanghai in the past varied (0 to 5 from
1949 to 2015, average=1.4+1.1, n=67). Only two typhoons
occurred during 2015 (No. 1509 typhoon Chan-hom and No.
1521 typhoon Dujuan), with the tracks of these two typhoons
and their landfall locations are shown in Figure 1.

Typhoon Chan-hom, the 9th named storm of the 2015
Pacific typhoon season, was a large and long-lived tropical
cyclone that affected most countries in the western Pacific
basin. Chan-hom developed from a tropical storm in the
northwest Pacific Ocean on 30th June, and its wind speed
increased while moving to the northwest and eventually
became a typhoon on 3rd July. On 11th July, Chan-hom
became very intense and made landfall in Zhejiang province
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Table 1 Deposition fluxes and activities of 7Be, b and *'°Po measured in three rainout events in Shanghai, China in 2015%
e S o e o vy Bana PO I 0T i gy PP AR o AR
20:0206’ 213 Ii“ga}g:”’ - 225(39.2) 268422  0.64£0.05 432+0.56  0.1040.01 34848 8.50£0.17  6.21£0.55  0.082+0.012
RE- 183926 Jun19:20. - 22'(597)‘)8-3 115410 13740.11  3.04£042  0.15£0.01 28248 133408 3.77£0.71  0.095:0.007
19:29,27 Jun 16:20, - 48(-73§ 53'3 195413 02240.02  5.23:0.75  0.06£0.01  432¢20 4832017  3.74+032  0.083+0.015
1505, Jl:)LJ%—lS;:OO, 925 179 27.4) 325827  8.84£0.74  19.1£22 052006 165017 50705  17.041.5  0.096£0.012
9:00-11:10, 11 Jul 935 17('19;28?'1 154513 11840.10  15.041.8  0.12£0.01 1405850  10.8£03  103+09  0.094:0.014
11:10-13:00, 11 Jul 945 20-(19;%)1-9 329427 02760.02  13.5£1.8 0112001 1200448  9.670.33  2.43£0.20  0.088+0.007
RE-qp 13:00-16:00. 11 Jul 945 21('19;27‘;-9 364434 02940.03  6.6940.94  0.05:0.01 628427  5.00+0.17 544046  0.094+0.015
16:00-18:00, 11 Jul 955 24('19;%‘;"9 314429 0.1840.02  4.17£0.66  0.02£0.01 22312 1.83+0.17  7.54£0.63  0.079+0.013
18:00-22:09, 11 Jul 955 26('19{36(;'9 39.0£3.4 0374003 3.35£0.51  0.03:001 30313  2.83£0.17 11.6+1.0  0.089+0.010
22:00: 11 Jul7:30, 960 30('39;4;())'4 89.0£7.4  095:0.08  5.64£097  0.06+0.01 62048 5834017  158£13  0.097£0.005
Joael 58 Sep 935 184 (11.8) 15314  1.00£0.00 3.83£049  025£0.03 267420 173513 4.00£043  0.069-0.009
40, 29 Sep
RE- 1040720:25- 29 8ep 999 18(.;11—%3.5 415432 173015  2.84+032  0.12:001  255:17 102407 14.6£1.4  0.086£0.012
215529 Sep 840 1005 295404 318407 0456004 922123  0.13£0.02 840467 11.8£1.0  3.45:029  0.090£0.011
p (1.4

a) Collection time interval is in China Standard Time (CST); central pressure at the beginning of each sample collection in two typhoons; data were
obtained from the Department of water resources of Zhejiang Province, http://typhoon.zjwater.gov.cn/default.aspx; time elapsed from the beginning of
precipitation and numbers in parenthesis denote amount of precipitation in millimeter.

(about 150 km away from Shanghai) and subsequently it
moved to the northeast. On 13th July, Chan-hom made the
landfall again at Ongjin peninsula, South Korea and then
weakened into an extratropical cyclone. The storm dropped
heavy rainfall, reaching 69.0 mm in Shanghai on 11th July
after its first landfall (Shanghai water authority, 2015).

Typhoon Dujuan, the 21st named storm of the 2015 Pacific
typhoon season, was the second most intense typhoon of the
northwest Pacific Ocean in 2015. It started as a tropical storm
and intensified into a typhoon on 25th September while
moving to the northwest and eventually made landfall in
Taiwan province (~720 km from Shanghai) on 28th Sep-
tember. Then it made the second landfall on Fujian province
(~680 km from Shanghai) on 29th September. Though the
two landfall places are farther away from Shanghai, Typhoon
Dujuan still brought about 95.0 mm rainfall to Shanghai
during 28th to 30th September (Shanghai water authority,
2015, http://www.shanghaiwater.gov.cn).

3.2 Temporal variations of amount of precipitation,
activities of 7Be, 2pp and 21']Po, their activity ratio(s)
and depositional fluxes in three rainout events

In total three samples each in events RE-I and RE-III and
seven samples in event RE-II were collected (Figure 2 and
Table 1). Rainout event of RE-I lasted for about 3 days while

both RE-II and RE-III lasted for about 2 days (Table 1). The
amount of precipitation in each of the sample within a
rainout event varied by a factor of about 9, 4 and 3 in RE-],
RE-II and RE-III, respectively (Table 1).

During RE-I, the depositional fluxes ranged from 11.5 to
26.8Bqm > d ' for Be, 3.04 to 5.23 Bqm > d ' for >'Pb,
and 282 to 432mBqm ~d ' for *'°Po, respectively. The
precipitation amount in RE-I decreased from 39.2 to 9.0 mm
in the second sample and increased to 78.4 mm in the third
sample and the corresponding depositional fluxes of all three
radionuclides followed the same trend as the amount of
precipitation, with the lowest value found in the second
sample (Table 1). However, the specific activities (total ac-
tivity deposited during the whole rain (Bq)/total volume (L)
of water) of these three radionuclides showed a reverse trend
with the highest value in the second sample,
1.3740.11 BqL™" for 'Be, 0.15+0.01 BqL™" for *'°Pb and
13.3+0.8 mBq L' for *'°Po. The total sampling time for
Typhoon Chan-hom (RE-II) was about 40 h, with the total
precipitation amount of 134 mm and the rainfall densities in
seven samples ranged from 1.53 to 7.45 mm h™" which were
higher than those in RE-I and RE-III. In RE-II, the deposi-
tional fluxes of ‘Be, *'°Pb and *'’Po during the whole rainout
event ranged from 305 to 325Bqm “d’, 34 to
19.1 Bqm >d ', and 223 to 1650 mBqm  d ', respectively.
The maximum depositional fluxes for all three radionuclides
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Figure 2 Depositional fluxes and activities of Be (a), " "Pb (b) and “ Po
(c) during three rainout events in summer 2015 (RE 1, RE-II and RE-III) in
Shanghai, China. (d) *'°Po/*'’

Po/*'°Pb ratios and 'Be/*'’Pb ratios during three
rainout events. The dash line in (d) represents for %o/*%Pb is 0.10. The

numbers represent the bulk depositional fluxes and the specific activities of
the three radionuclides in three rainout events.

were observed in the first sample, and then they continued to
decrease till end of the rainfall. The specific activities of 7Be

*%Pb and *'°Po in RE II ranged from 0.18 to 8.84 Bq L

0.02 to 0.52 Bq L', and 1.83 to 50.7 mBq L, respectlvely
with the highest value for all three radionuclides found in the
first sample. The "Be activities in RE-II greatly decreased
from 8.84 to 1.18 Bq L in 2.2 hours and then it remained
relatively constant between 0.18 and 0.37 Bq L' (mean:
0.2840.07 Bq L, n=4) from 21.9 to 30.9 hours after the
beginning of rainfall, while both *%Po and *'°Pb activities
continuously decreased from beginning till 26.9 hours. Note
that the specific activities of all three radionuclides increased
in RE-II in the last two samples. In RE-III, the increase in the
amount of precipitation in the third sample resulted in the
highest depositional fluxes 0f 9.22+1.23 Bqm > d "' for *'°Pb
and 840+67 mBqm > d ' for *'’Po, while the lowest value
was found in the second sample with 2.84+0.32 Bqm ~d '
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210 210

Pb and 25517 mBgqm- >d™" for *'°Po. The specific
activities of ‘Be exhibited similar trend as the depositional
fluxes, with the highest value of 1.73+0.15BqL"" in the
second sample followed by a sharp decline to
0.45+0.04 Bq L' in the third sample due to a large increase
in the amount of precipitation (dilution effect). However, the
highest specific activities of *%p and *%Po were observed i 1n
the first sample, 0.254+0.03 BqL and 17.3£1.3 mBqL ,
respectively, followed by subsequent decrease to the lowest
value of 0.12+0.01 BqL™" (*'’Pb) and 10.2+0.7 mBq L™

(ZIOPO) in the second sample, then with a marginal increase in
the third sample even though the precipitation amount was

much higher.

210 210

3.3 The bulk depositional fluxes of 7Be, Pb and "~ "Po

in three rainout events

The bulk depositional fluxes of the three radionuclides in
RE-I, RE-II and RE-III were 18.9, 183 and 272 Bqm ~d '
for 'Be, 4.12, 12.2 and 4.96 Bqm ~d ' for *'°Pb, and 349,
1095 and 414 mBqm ~d ' for *'°Po, respectively. In all
three rainout events, the logarithmic correlation was ob-
served between cumulative depositional fluxes of radio-
nuclides and the elapsed time (Figure 3a, 3d and 3e). The
specific activities for these three radionuclides in RE-I, RE-II
and RE-III were 0.43, 2.30 and 0.84 BqL ' for 'Be, 0.08,
0.15and 0.15 Bq L™ for >'’Pb and 6.57, 14.8 and 12.7 mBq
L' for *'°Po, respectively (Figure 3b, 3e and 3h). In RE-II,
well-defined negative exponential relationship between cu-
mulative ‘Be, *'°Pb and *'°Po activities and elapsed time can
be observed (Figure 3e), in RE-III, such relationship can be
observed for *'°Pb and *'°Po (Figure 3h), while in RE-I, no
such relationship was found in any of three radionuclides.
Among these three rainout events, RE-II which was caused
by the Typhoon Chan-hom, had the maximum rainfall in-
tensity as well as the highest depositional fluxes and specific
activities for all three radionuclides in spite of their different
origins and transport pathways in the atmosphere. In parti-
cular, for 7Be, the specific activity in RE-II was about 5 times
higher in RE-I and 3 times higher in RE-IIIL.

4. Discussions

4.1 Sources and transport of air masses during ty-
phoons and thunderstorm using radionuclides

It is well known that radon is not scavenged from the at-
mosphere by precipitation events, but only its progeny (210Pb
and 210Po) are removed from the atmospheric air. Generally,
the radionuclides are primarily removed from the atmo-
sphere through both by washout (in-cloud scavenging) and
rainout (scavenging below cloud cover) processes. The ac-

tivities ‘Be, >'*Pb and *'°Po in rainwater are generally higher
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Figure 3 Cumulative depositional fluxes, activities and activity ratios versus elapsed time in RE-I ((a)—(c)), RE-II ((d)—(f)), and RE-III ((g)—(i)) in shanghai, China.

607



608 Du J, et al.

in the early stages of rainfall, for example, in RE-II, the fisrt
sample contributed only 20% of the total amount of pre-
icipitation but constituted much larger fraction of total de-

positional fluxes (79% for ‘Be, 69% for *'°Pb and 67% for

21OPO) and subsequently decreased due to dilution effect. If a

certain air mass is undergoing condensation without any
additional input from the surrounding air masses via lateral
injection and/or folding from upper troposphere-lower stra-
tosphere, the specific activities of all three radionuclides in
one rainout event are anticipated to decrease systematically
from the beginning. However, if one or more air masses with
distinctive characteristics such as maritime, continental and/

or upper atmospheric air masses intrude, the ARs of "Be/

*'°Pb and *'°Po/*'°Pb in the condensing cloud are expected to

vary (Figure 4). For example, compared with maritime air
mass which has lower *'’Pb activity, continental air mass
derived from the same or similar latitude is expected to have
lower 'Be/”'Pb AR (due to higher *%pp activity per m’ air
but similar ‘Be activity). If there is subduction of air mass
from altitude above the cloud condensation height (the

("Bef"Ph )< ( "Be/7°Pb )< ( Be/"Ph ),
(210P0I210Pb )C< ( ZWDPO'EWPb )O< ( 210P0l210Pb )S
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middle-upper troposphere and lower stratosphere), then the
residence time of the subducting air mass from aloft is ex-
pected to be longer, with higher "Be specific activity (and
hence higher ‘Be/*'’Pb AR). In the case of *'*Po/*'’Pb AR,
the aerosols above cloud condensation height are expected to
have higher *%o/*"°Pb AR, due to older air mass, so that the
vertical air mass sinking into low-pressure system (such as

the eye of a typhoon) is expected to result in higher 20poy

*%Pb AR.

In RE-I, "Be/*'’Pb ARs decreased from 6.21 in the first
sample to 3.77 in the second sample and remained constant
thereafter. Such a high ratio in the first precipitation sample

in RE-I was due to the higher "Be depositional flux than
210

210
/

Pb. Prior to the onset of heavy precipitation event, it ap-
pears that upper air mass downdraft resulted in higher "Be
(relative to 210Pb) in aerosols below cloud condensation
height. Once those excess "Be are removed by first pre-
cipitation, then, the "Be/*'°Pb ratio had remained constant
(Table 1). Based on the air-mass backward trajectory ana-
lysis (Figure 5a), there was no significant change in the

Stratosphere-troposphere air exchange

«®

Continental air masses \l’ \l/ s

Low (Bef'"Ph),
Low ("®Po°Pb),,

Continent

{J Rain drops or snow flakes

» Aerosols with radionuclides

Washout

High (Be/**Pb),
High (2°Por1oPh),

\l’ Rainout

¢

-

Marine air masses

¥ o High ("Be/~"Pb),

: High (°Po/%Pb),
Washout+rainout

Figure 4 The schematic diagram of air masses intrusions into the condensing cloud at the coastal area.
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sources of air masses during RE-1. The air masses at 12 km
height appeared to have been derived from continents in the
northwestern China while air masses in the middle and lower
troposphere from southern China. However, the heavy wind
is a result of higher pressure gradient (PG) between a high-
pressure point and a low-pressure point. During periods of
heavy wind, air mass flows from high pressure to low
pressure (e.g. into cloud condensation height (CCH) from
aloft), resulting in the vertical downward movement of air
mass. In such a case, it would have resulted in higher

10po/21%py, AR, as evidenced from observed increase in the

*%po/!’Pb AR, from 0.082+0.012 to 0.095+0.007 in RE-I
(Table 1, Figure 2).

During RE-II, typhoon Chan-hom developed into a super
typhoon from heavy thunderstorm with a central pressure of
925 hectopascal (hPa) at 15:05 on 10th July, 2015. At this
moment, the distance between Shanghai and the typhoon
center was about 600 km (Department of Water Resources of
Zhejiang Province, http://typhoon.zjwater.gov.cn/default.
aspx), and the typhoon Chan-hom hadn’t impacted Shanghai
greatly. HY SPLIT simulations indicated that the source of air
masses at 12 km height were still from the inland areas while
air masses at lower-middle troposphere were from the ECS
(Figure 5b). Thereafter, the distance between Shanghai and
the typhoon center continuously decreased, which impacted
precipitation in Shanghai. Typhoon Chan-hom brought
21OPb-depleted air masses from the Pacific Ocean (PO) to
Shanghai, as can be seen from the northward spiraling air
masses at 12 km from the Pacific, which was similar to the
air masses in the middle and lower troposphere (Figure 5b).
Moreover, the pressure gradually increased from 935 to 960
hPa from the 3rd to 6th sample (in 9 hours), but the Be
depositional fluxes remained relatively constant (35.2+
3.8 Bqm ~d'); meanwhile, the *'°Pb depositional fluxes
decreased from 13.5 to 3.35Bqm ~d . The depositional
fluxes of ‘Be and *'’Pb as well as the 'Be/*'’Pb AR indicate
injection of extraneous air masses into typhoon, due to
pressure gradient between the eye of the typhoon and the
adjoining air mass outside the periphery of the typhoon.
Furthermore, the temporal variations of "Be/*'’Pb AR during
the precipitation could also indicate intrusion of variable
fractions of continental and maritime air masses to Shanghai.
Such inflows of air masses with different characteristics re-
sulted in the increase of Be depositional fluxes and *%pp by
the end of the rainfall (Figure 2).

During RE-III (Typhoon Dujuan), the observed Be/*'’Pb
AR variation clearly indicated changes in air mass sources
during the precipitation process. The steep increase in "Be
flux along with a slight decrease in *'%Pb flux from the first
sample to the second sample indicate that the relative frac-
tion of maritime and continental air masses drawn into the
typhoon’s low pressure system had changed. Prior to the
beginning of the precipitation, air masses in both upper and
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middle troposphere were continental air masses derived from
inland China, while those at the 1.5 km height were maritime
air masses from the Pacific Ocean (Figure 5c). Soon after the
beginning of first sampling, typhoon Dujuan made the
landfall in Taiwan province and moved southward to make
the second landfall at Fujian province, subsequently, the
sources and transport pathways of air masses at middle tro-
posphere changed from inland China to maritime air masses
from the ECS during these two landfalls (Figure 5c¢) After the
second landfall at Fujian province, air masses transport
pathways at 12 km height were affected by the typhoon and
changed into the maritime air masses coming from south of
Shanghai, resulting in the decrease of *1%ph depositional flux
and *'°Pb activity in the second sample. Correspondingly, the
air pressure changed from 935 hPa in the first sample to 990
hPa in the second sample (within 11.8 hours), again in-
dicating input of maritime air masses with lower *%Ppp ac-
tivity. From the second to the third sample, the Be activity
decreased by 79% but both the *!%b and *'°Po activities were
almost constant, suggesting the continuous intrusion of air
masses bringing *'%b and *'’Po below the condensation
cloud. Due to sampling limitation such as limited sample
volume and overlong sampling periods, we are unable to
quantitatively estimate the fractional inputs of both con-
tinental and oceanic air masses in the present study, and
future studies involving simultaneous measurements of "Be,
% and *'°Pb in aerosols and precipitation are required to
quantify the fractional amounts these two sources of air
masses. The increase of >'’Pb depositional flux at the end of
RE-III was attributed to higher fraction of continental air
mass, and the relatively higher *%po/*'%Pb AR in this sample
could be attributed to the presence of very fine terrigenous
dust in which both *'°Pb and *'°Po are expected to be in
secular equilibrium. However, this difference may not be
significant, as within 2 standard deviations of the propagated
error on the *'’Po/*'°Pb ARs all samples are about the same.

During all three rainout events, the variations in the
*%Po/*'"Pb ARs were not significant, within a difference of
0.012 in RE-I, 0.017 in RE-II and 0.021 in RE-III, suggesting
that the residence times of aerosols, both inside the cloud and
added from the surrounding air into the tornado-cloud, were
similar in age during the rainout event (ranged 20.6-27.8 d,
with the average of 25.3 d).

4.2 Insights into the depositional fluxes of "Be and *'’Pb

from pulse rainout events-synthesis of global data set

Pulse rainout events like RE-I, RE-II and RE-III in this study
not only bring large amounts of rainfall but also contribute
significantly to the deposition of radionuclides like 7Be,
*%b and *'°Po. In 2015, RE-I, RE-II and RE-III together
brought 18.6% of the total annual precipitation, but de-

posited about 28% and 11% of the total annual bulk de-
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Figure 5 Air masses backward trajectory analyses of the three rainout events. (a) RE-I; (b) RE-II; and (c) RE-IIL

positional fluxes of "Be and *'’Pb, respectively (Table 2). A
summary of the percentages the total annual rainfall, bulk
depositional fluxes of 'Be and *'’Pb during pulse rainout
events (>50 mm precipitation from single rainout event)

around the world are summarized in Table 2. It can be seen
that these pulse rainout events significantly contributed to
the annual depositional fluxes of both "Be and *'°Pb, espe-
cially the rainout events caused by typhoon. For example,
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typhoon Melor brought 9.2% of annual Be depositional flux
to California, USA in 2010 (Conaway et al., 2013) compared
to 17.9% of the total amount of precipitation; rainout events
caused by typhoon brought 16% of total Be depositional
flux and 12% of total >'’Pb depositional flux compared to
31% of the total amount of precipitation to Nankang, Taiwan
province during 9-year time series study (1996 to 2005, Huh
et al., 2006); in our present study, RE-II caused by typhoon
Chan-hom brought 21% of annual "Be depositional flux and
5.6% of annual >'’Pb depositional flux to Shanghai. Note that
there is no data on the time-series measurements of these
nuclides in typhoons in published literature. The relatively
lower percentage contributions of radionuclide fluxes com-
pared to the fractional amounts of total precipitation were
possibly caused by the dilution effect. Furthermore, it is
likely that a major fraction of the water vapor in typhoon is
recycled prior to arrival at the coastal station resulting in "Be-
depleted and 21OPb—depleted low-latitude maritime air mas-
ses. A strong linear correlation between the percentages of

annual 'Be depositional flux and the percentages of annual

1% depositional flux in the pulse rainout events is observed

in Figure 6 (R2=O.6O,p<0.01); however a slope of 1.60+0.27
indicates that these pulse rainout events brought more "Be
than *'°Pb, suggesting a relatively enhanced convective
mixing or stratosphere-troposphere exchange during these
rainout events (Wang, 2014).

To quantify the variations in the depositional fluxes of "Be
and *'°Pb in pulse rainout events, the precipitation-normal-
ized enrichment factors (o) were calculated in this study. The
o value was calculated from the following equation, which is
modified from Baskaran (1995):

a=F/P, (1)

where P and P, are the percentages of annual depositional
flux and amount of precipitation for single pulse rainout
events, respectively. Values of >1.0 indicate that the de-
positional fluxes were higher than expected from the amount
of precipitation, and o<1.0 indicate depletion of the de-
positional fluxes of the nuclides. The precipitation-normal-
ized enrichment factors () values of "Be and *'°Pb in pulse
rainout events ranged from 0.06 to 6.10 and from 0.09 to
2.07, respectively (Table 2). As shown in Figure 7, the a
values of both ‘Be and >'’Pb were lower than 1.0 in most
pulse rainout events. In 27 out of 42 and 28 out of 36 pulse
rainout events had a<1.0 for ‘Be and *'°Pb, respectively,
indicating that in most pulse rainout events, the depositional
fluxes of 'Be and *'°Pb were lower relative to the amount of
precipitation, such results were expected and were due to the
dilution effect by the large amounts of precipitation (Huh et
al., 2006). In our previous studies, it was reported that the o
values of both 'Be and *'°Pb in summer and fall (when
precipitation amount was large) in Shanghai were lower than
1.0 during 6-year study (Du et al., 2015). However, the a>1.0
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Figure 7 The precipitation-enrichment factors of ‘Be plotted against the
precipitation-enrichment factors of *%Pb for the pulse rainout events.

for both radionuclides could still been found in some stations

(Figure 7), showing that there were enrichments of 'Be or

*°Pb in some pulse rainout events, which might have been

caused by the intrusions of air masses (vertical or horizontal
transportation) during the rainfall; more studies during pulse
precipitation in coastal and open ocean stations, as well as
time-series measurements of 6'°O and 6°H are needed to
better understand the intrusions of these air masses (e.g. Gat
and Matsui, 1991; Yamanaka et al., 2002; Tanoue et al.,
2017). It can also be observed that the o values of "Be were
higher than *%Pb in 72% of all pulse rainout events (23 out of

32), and the slope of the correlation between a of "Be and

*%Pb is 1.36+0.27, indicating again that these pulse rainout

events brought more "Be than *'’Pb as mentioned above. The
o values of >'’Pb at the coastal stations like Ansan, Xiamen,
Nankang, and Shanghai were lower than those at Detroit,
which is an inland city, indicating the intrusion of *1%pp-
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Table 2 Percentages of bulk depositional fluxes and precipitation-normalized enrichment factors () of Be and *'°Pb during pulse rainout events”
7 210
B Pb
; 1 Percent of annual €
Location Sample precipitation Percent of Percent of References
annual flux ¢ annual flux ¢
RWB 1 5.8% 15.8% 2.72 8.6% 1.48
RWB 10 7.5% 9.6% 1.28 5.4% 0.72
RWB 16 6.3% 5.0% 0.79 3.9% 0.62
Detroit, USA 0 0 0 McNeary and
RWB 20 3.6% 3.3% 0.92 4.4% 1.22 Baskaran, 2003
RWB 21 9.4% 6.6% 0.70 7.6% 0.81
RWB 25 5.0% 2.9% 0.58 6.9% 1.38
6.5% 2.2% 0.34 4.7% 0.72
5 heavy rainfalls with 6.6% 3.9% 0.60 2.0% 0.30
Ansan, Korea ~__more than 50 mm 11.4% 8.3% 0.73 8.9% 0.78 Kim et al., 1998
precipitation amount in
10.5% 0.6% 0.06 1.9% 0.18
8.2% 2.0% 0.24 1.5% 0.18
5.1% 31.2% 6.10 3.7% 0.72
5.3% 5.1% 0.97 6.6% 1.26
5.6% 11.2% 2.00 4.0% 0.72
5.8% 18.6% 3.20 8.3% 1.44
I%Iheavy rainfalls more 6.0% 4.7% 0.80 3.8% 0.63 Chen et al.. 2016
. .+ than 50 mm precipita- en et al., ;
Xiamen, China tion amount from 2004 6.2% 2.4% 0.39 1.1% 0.18 Jia et al., 2003
to 2005 6.6% 4.2% 0.64 4.2% 0.63
6.9% 25.7% 3.71 14.3% 2.07
7.1% 3.8% 0.54 3.8% 0.54
9.9% 1.7% 0.17 0.9% 0.09
12.8% 28.8% 2.25 4.6% 0.36
Typhoon Melor in 2010 17.9% 9.2% 0.51 —
3.1% 5.2% 1.68 -
7.0% 6.3% 0.90 -
California, USA ¢ extra-tropical storms 9.2% 9.9% 1.07 - Conaway et al., 2013
in 2010 3.2% 3.8% 1.18 -
5.8% 3.7% 0.65 -
5.8% 4.2% 0.73 -
Rainfalls caused by
typhoon during 9 year
tme series from 1996 31.0% 16.0% 0.52 12.0% 0.39
L to 2005
Nankang, China - - Huh et al., 2006
Rainfalls in plum
season during 9 year 8.0% 7.0% 0.88 7.0% 0.88
time series from 1996
to 2005
7.0% - 6.5% 0.93
5 heavy rainfalls with 7.0% - 1.7% 0.24
Aheme(_iabad, more t_han 50 mm ) 7.5% B 2.7% 0.36 Rastogi and Sarin,
India precipitation amount in
2000 and 2001 14.0% - 20.5% 1.47
14.0% - 7.0% 0.50
3 heavy rainfalls with 7.7% 8.1% 1.05 - -
San Luis, more than 50 mm o 0 _ _
Argentina precipitation amount in 7.9% 10.1% 1.28 Ayub et al., 2009
2007 and 2008 8.1% 10.5% 1.30 - -
RE-I 7.5% 3.7% 0.50 3.3% 0.44
RE-II 7.9% 21.0% 2.66 5.6% 0.71 This study
RE-III 3.2% 3.1% 0.96 2.3% 0.70
4.9% 2.1% 0.43 1.6% 0.33
hanghai, Chi
Shanghal, China ) vy }rlainfalls with 5.0% 3.6% 0.72 0.9% 0.18
more than 50 mm
precipitaiton amount in 5.5% 0.9% 0.17 0.2% 0.04 Kong, 2012
6.2% 8.8% 1.42 6.9% 1.12
6.2% 2.1% 0.34 3.7% 0.59

a) * pulse rainout events data in Xiamen, China were collected in 2004 and 2005 (Chen et al., 2016), but the annual depositional fluxes in 2002 were taken
from Jia et al. (2003). Data in Nankang, Taiwan province were the summation of 9 year time series data.
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depleted maritime air masses when condensation took place
within the cloud cover at these coastal stations. The varia-
tions in the depositional fluxes of 7Be, 210}’0, 21 and ac-
tivity ratios (210P0/210Pb and 7Be/me) are anticipated to
provide insight on the sources and pathways of air masses
that feed into typhoons and heavy thunderstorms. Further-
more, this study paves the way for a better understanding of
the deposition characteristics of other atmospherically de-
livered stable elements that behave similar to ‘Be and *'°Pb
(McNeary and Baskaran, 2003).

5. Conclusions

From the first time-series measurements of depositional
fluxes, specific activities of ‘Be, *%Pb and *'°Po and their
ARs (7Be/21°Pb and 210Po/me) from one thunderstorm and
two typhoons in Shanghai, China, we draw the following
conclusions: (1) three pulse rainout events contributed to
about 28% and 11% of the total annual bulk depositional
fluxes of 'Be and >'°Pb, respectively to Shanghai; (2) there
are large temporal variations of the depositional fluxes and
specific activities of "Be, *'°Pb and *'°Po as well as the ac-
tivity ratios of "Be/*'°Pb within one rainout event; (3) gen-

erally, the depositional fluxes and specific activities of "Be,

b and *'°Po are higher at the beginning of the rainfall,

although there are large variations in these values; (4) the
variations of 'Be/*'’Pb ratios during rainout events indicate
varying sources of air masses contributing to the rainout and
events as well varying fraction of continental and maritime
air mass intruding from the surrounding area into the low
pressure system of the typhoon; (5) temporal variations in the

*%Po/*'Pb AR have relatively smaller range of variations
(0.083+0.014), indicating that the “age” of air masses that
undergo condensation for all three events are similar; and (6)
from a synthesis of the global data of the depositional flux of

"Be and *'°Pb in pulse rainout events, we observe that the
dilution effect by the large amounts of precipitation would
deplete the radionuclides, resulting in lower fraction of total
annual depositional flux compared to the fraction of total
annual precipitation.
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