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1. SUMMARY

1.1 OBjectives

Ozone observed at Whiteface Mountain, N.Y., may be derived from
(1) the stratosphere, (2) photochemical production from pollutant NOx and
hydrocarbons emitted in urban/industrial areas, with subsequent transport

of 0. to Whiteface Mountain, and (3) photochemical production from NOx

3
and hydrocarbons including terpenes, etc. emitted from vegetation in the
vicinity of Whiteface Mountain. At the beginning of this study it had been
established that high 7Be concentrations were often associated with high

0 No attempts had been made to quantify stratospheric O3 from 7Be

3*
measurements. To accomplish this, the following information is required:
relationship between 7Be ahd O3 at the source (stratosphere), 7Be produéed
in the troposﬁhere, and removal of 7Be and 03 during transport from tropo-
pause to ground levei.

The principal objective of this work was to assess 7Be and 32P as
stratospheric tracers and, if possible, use them to quantify stratospheric
05. Other objectives of this program were: to_sﬁudy the relationship
between O3 and soi? use SOZ_ as an indicator of (2) above, to study the
long-range transport of pollutants and try to identify emission sources
and establish daily, monthly and seasonal variations of 804— and trace

elements thus generating a data base to study long-term trends.

1.2 Accomplishments

The salient features of this study were the first determinations

of 7Be/O3 ratios in the lower stratosphere and upper tropospheré and

gathering continuous data of radionuclides 7Be, 32P and 33P along with 03,

SOZ_‘and several trace elements from June 1978 to December 1979. Although

some of the conclusions and interpretations are tentative and will undoubtedly



be refined as this work proceeds, at this time the significant accomplish-
ments of this study are: (a) a quantitative relationship between 7Be and

0, in the stratosphere was established and it is applied to estimate strato-

3
spheric O3 on.a global and episodic basis, (b) global 7Be measurements
suggests that the stratospheric influx in the northern hemisphere is twice
that in the southern, (c) the 7Be/32P ratios yield an average-transpoft

time of v 7 days during épring and summer for stratospheric air from tropo-
pause to Whiteface Mountain, supporting tropopause folding as the predominant
mechanism of stratospheric-tropospheric exchange during spring‘and summer ,
(d) daily measurements yield an empirical observation that > 10 ug Soz_/m3

is associated with 03 in excess of 50 ppbv, suggesfing Soz—“as a potential
tracer for transported tropospheric 03, (e) sfatistical treatment of data
and air trajectory analysis revealed four anthropogenic sources for SOZ_
and trace elements analyzed,. and (f) monthly and seasonal profiles for SOZ_
and several trace metals at Whiteface Mountain during 1979 have been
determined. Also, in the course of this sfudy an elegant.and sensitive
m1croana1yt1ca1 method to measure total particulate sulfur in aerosols by
pyrolysis mlcrocoulometry has been developed. This method could be used
for sulfur determination in higﬁ—volume air particulate samples collected
for as short a time as half an hour.

One phase of our study calls for calculations of 400-1400 meters,

6-h surface trajectories using Heffter's model. This has been accomplished

for part of 1979 and should be completed by the end of this year for remaining

days in 1979.  Comparison between 6-h trajectories and elemental concentra-
tions for an entire year may provide statistically meéningful information
regarding the region(s) where episodic high concentration originate.

The work discussed hére was copducted during January 1, 1979'and

June 30, 1980 with one-year funding provided by U.S. Department of Energy -




for January to December 31, 1979 period. A six—month no-cost extension was
granted so that the analyses-of samples collected through December 31, 1979
could be completed. Two reprints and four preprints preparedAfrom this work
and discussed in this_study are attached as appendices.
I. Detefmination of Stratospheric Ozone at Ground Level Using 7Be/O3
Ratios, Dutkiewicz and Husain, Geobhys. Res. Lett. 6, 171-174
(1979), a reprint of this paper is att;ched as Appendix I.

"II. Long Range Transport of Trace Elements, Husaiﬁ and Samson,

J. Geophys. Res. 84, 1237-1240 (1979), a feprint of this paper
.is attached as Appendix II.

III. On the Origin §f Tropospheric Ozone, Husain, Dutkiewiéz and
Rusheed, submitted to Natu?e, a preprint of this paper is -attached.
as Appendix III. |

. IV. Transport Time of Stratospheric Air from Tropopause to Ground
Level, Dutkiewicz, Rusheed and Husain, Submitted to J. Geophys.
Res., a preprint of this paper.is attached as Appendix IV.

V. Determination of Total ?artiqulate éulfur at Whiteface Mountain,
N.Y. by Pyrolysis Microcoulometry, Canelli and Husain, subﬁitted
to Atﬁqspheric Environment, a prepfint of‘this paper is attached
as Appendix V.

VI. Summertime Conéentratioﬁ of Trace Elements in Atmosﬁﬁefic Aerosols
at Remote Sites in New York Staté, Parekh and Husain, submitted to
Atmospheric Environment, a preprint of this paper is attached as

Appendix VI.




2.. EXPERIMENTAL

2.1 Particulate Sampling at Whiteface Mountain

At the 1.5 km summit of Whitefaée Mountain, N.Y., 24-h suspended
air particulate samples were collected u51ng high-volume air samplers as
described in an earlier report .(Husain et al., 1978, henceforth identified
as Report I). Daily particulate sampling for January 1 through December 31,
1979 period was carried out by the technical staff of the Atmospheric |
Sciences Research Center‘under a sqbcontract to the Researcﬁ Foundation,
State University of New York, Albany. The samples were collected from mid-
night to midnight during 1978 but noon to noon (EST) dufing 1979.

A constant- air flow of 1.3 standard m3/min was maintained with
Sierra Model 310*mass flow controllers. The caliBratioh of the-controllers
was checked periodically by measuring the pressure drop across a standard
orifice and the manufacturer's supplied calibration data with corrections for .
ambient temperature_and pressure. The controllers have performed well with
less than a + 5% change between calibrations.

2.2 Analyses

A variety of chemical and radiochemical analyses were perforﬁed
on the parﬁiculates. These are summarized in Fig. 1. The radiochemical
'procedures are described below. Sulfate and trace element énalyticalAmethods
are described in Appendices V and VI, and Section 11.

2.3 Radiochemical Analysis of Whiteface Mountain Samples

7Be concentration was measured by whole-filter NaI(T1l) gamma-ray
spectrometry (Report I). A least squares computer code was used to subtract
the background and deconvolute the 478 keV gamma ray intensity. The uncer-

tainty in 7Be is primarily determined by the quality of the counting

#Mention of trade names or commercial products does not constitute endorsement
or recommendation by New York State.
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statistics although the quality of the computer fit is also a factor. The
estimated uncertainties and detection limit for reported 7Be activity in

24-h high—vplume filters is shown in Fig. 2. Above 100 fCi/m3.(fCi = 10—15 ci)
the uncertainty approaches + 5%.

The radiochemical procedure used to separate 32P and 33P from the
filter particulates was described in Report I. To expedite counting the
32P-—33P fesidqes, 4 léw—background gas-flow proportional counters described
in section 2.3 of Report I were fabricated. These counters have a back-
ground count rate of 0.4 +.0.03 cpm, where the error represents one sigma
standard deviation in a series of 10 or more background counfs. The procedure
used to determine 32P and 33P requires counting each sample several times
with and without a 29.mg/cm2 Al absorber. This absorber thickness is
sufficient to stop 33P betas while still passing 66% of the higher energy
32P beta particlés. The‘additional counters improved accuracy by increaéing
the total number of times each sample could be counted. The 32P activity
was determined by fitting the net count rate in a series of absorber counts
to a 14.3-d decay curve and comparing the net cpm at the time of sampling
to thét of 32P standard counted under the same geometry. The 32P decay
curve was then used to suﬂtract the.32P count rate in the non-absorber
counts, yielding the 33P activity. The procedure was tested by assuring
ghe residuél cpm followed a 25-d decay. The quality of the data is demon-
strated by the résultant~decay curves from a repreéentative sample shown in
Fig. 3; The absorbér and non-absorber counts follow 14;3— and‘25—d decay,

respectively, verifying both the purity of the sample and the quality of

the counting data.
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The uncertainty in the concentration of radionuclides reported

include errors in air volume, counting statistics, chemical yield, and
counter efficiency. Statistical errors in counting contribute the largest
uncertainty. The error in the counting rate was calculated by the following

relationship:

100 s b

% error =
% - C t t

where s and b are, respectively, the total and background count rate (in
- cpm) and C is the net count rate (C = s-b). The quantity tg and ty are,
respectively, the sample and background count times. In the case of 32P,
errors due to yield, counter efficiency, and air volume were 3%, 27, and
5%, respectively. The squares of the individual errors were added to get
the square of the total error. The lower curve in inset in Fig. 2 shows

. . . 32 . ., 3 .
the estimated uncertainty versus concentration of P in fCi/m~. This was
calculated considering that on the average 12 days elapsed between sample
collection and the first count. . It can be seen that for concentration

., 3 32_ . .
> 3 fCi/m~, the total error for ~'P is < 10%.

. 33 . . . .
The calculation of ~~P concentration is carried out. by subtracting
2P count rate from total B activity as described in previous section. Since

3

the efficiency of countiﬁg 33P~B— particles is much smaller than 2P (7%

o 32 . . .. e
compared to 35% for ~ P), its detection limit and uncertainties are much

higher than for 32P. Estimated 33P uncertainties in Fig. 2 show that a 33P

. .3 . o 9 :
concentration of 3 fCi/m~, has a total uncertainty of 28% and for concentra-

tion > 5 fCi/m3 it is less than 20%.
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2.4 High Altitude Sampling and Analysis

iﬁ Report I we described our initial measureménts of 7Be/O3 ratios
at 9.8-12.2 km; Some of these results have already been published (Dutkiewicz
and Husain, 1979; Appeﬁdix I), and some are in the process of publication
(Husain et al., 1980; Appeﬁdix III). NASA's Global Atmospheric Sampling
Program (GASP) was terminated in June, 1979. All of the samples collected
during this program have been analyzed for both 7Be and 905r and the data
reported here.

The particulate samples were collected on IPC 1478 filters using
an automated sampling system mountea in the nose of two commercial B747
jetliners (Perkins and Gustafsson, 1976). O3 was continuously measured with
a UV'absofption pﬁotometer, recently described by Tiefermann (1979). The
sémples were collected between 9.8 and 12.2 km altitude and 11°-56°N.
Altitude and geographical location during sampling were recorded from the
aircréfts' navigational system. The filters were analyzed for 7Be using gamma-
spectrometry with a 45-cc Ge(Li) detector connected to a 4096-channel pulse
height analyzer.' A partial y-ray spectrum from a typical stratospheric
sample is shown in Fig. 4. Significant peaks have been highlighted and in
some casés radionuclides assigned. This particular sample is rich in fresh
fission products, presumably from the September 1977 Chinese nuclear detona-

tion. Even in this case, the 478 keV 7

Be Y-line is clearly resolved.
Absolute 7Be concentration was determined by comparing the area under the
478 keV peak in the sample with that of aA7Be standard counted under the
same geometry. Background subtraction and peak integration were performed

with a least squares computer code. Statistical uncertainties in the absolute

7 - -/
Be concentration were generally < + 10%.
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The concentration of 908r (ty = 29 y) in GASP éémples was determined
2
from one-quarter of each filter using standard radiochemical procedures.

Briefly, strontium was'radiochemically separated from the filters and the

90 90

Sr-daughter Y (t& = 2.67 d) was removed. 90Y was then allowed to ingrow
2

' cqar s . 90
for at least 2 weeks so equilibrium with the “ Sr parent was attained.

Then 90Y was precipitated as yttrium oxalate, ignited to yttrium oxide, weighed,

and mounted on Whatman 42 filters which had-been p;ecoated with asbestos
slurry. The filters were sealed with mylar tape and B  counted se?erai times
onlthe low background gas flow proportional counter. 90Sr activity was
determined by fitting the 90Y counting data with a 2.67-d half—life. Correc~
tions for chemical recovery and counting efficiency were applied.

2.5 Instrumentation

In addition to the two low background B-counting systems described
in Report I, three more units have Been built. Two of these have been used
for 32P and 33P counting and the third system; which hasla larger counting
volume, was used for 90Sr measurements in GASP samples. Electronics for
these counters were purchased with USDOE funds.

Althoﬁgh GASP filter samples were y-counted with a Ge(Li) detector,
~-there was not sufficient time available to count. all of the daily samples
on the Ge(Li) detector. Hence, &e have now orde;ed a large Ge(Li) detector’
with 247 efficiency relative to a 7.6 x 7.6 cm NaI(Tl) detector, resolution

of 1.9 keV at 1332 keV, and a 4096~channel analyzer. This Ge(Li) detector

will be used for Y—céunting the daily samples.



3. STRATOSPHERIC TRACERS

3.1 7Be.

The interaction of high enéfgy cosmic ray protons and neutrons
with 02, Né and Ar in the atmosphere produces many short-lived radioisotopes,
including 7Be (t:l/2 = 53.3 d), which can be used to study atmospheric dynamics
(Lal and Peters, 1967). The vertical profile of observed annual average 7Be-
concentrations at " 45°N is shown in Fig. 5. Measurements up to 3 km were
made from ground-based sites but above 3 km aircrafts were used for sampling.
The number of measurements averaged for each point is indicated Ey a numeral
by the side of the point in Fig. 5. The large variability of concentrations
in the 9 to 12 km range reflects the fact that at these altitﬁdes both strato-
spheric and troposphefic air can be sampled. Thus, our measurements on GASP
samples were separated according to in;situ ozone (03 > 200 ppbv, stratospheric;
and O3

(1970) at 9 and 12 km were divided into high and low concentration averages

< 100 ppbv, tropospheric). Likewise, the measurements of Young et al.

.consistent with our GASP results. Two distinct 7Be concentration ranges are
evident, correséonding to stratospheric and tropospheric air. The dashed
and solid lines have been drawn respectively through the presumed stratospheric
and tropospheric 7Be concentrations to help guide the eyé.

Although the 7Be concentration shows (Fig. 5) a 5-fold increase
from surface to N:IO km,-the change in concentration is much more dramatic
(v 10-fold) between 10 to 12 km. Considering that the troposphere invariably
contains stratospheric céntributions, the ratio of 7Be concentration in the
stratosphere to that in the troposphere is probably much 1érger.' Qur measure-
ments (to be discﬁssed later in this report) on both sides of tropopause

yield a ratio as high as v 50 for stratospheric to tropospheric 7Be. From
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Fig. 5. Vertical 7Be concentration profiles for ~ 45°N. Points

up to 3 km are annual averages of measurements at ground
(or mountain) sites. Points at or above 6 km are averages
of a series of aircraft measurements (the number of measure-
ments averaged for each point is indicated by a digit near
each symbol). Since the measurements at 9 to 12 km can be

~ either tropospheric or stratospheric, separate averages,
assumed to correspond to stratospheric and tropospheric
air, are indicated. The dashed and solid lines are drawn
respectively through the presumed stratospheric and

- tropospheric measurements to aid the eye.
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Fig. 5 a ratio of ~ 70 is obtained for 7Be concentration at 15 km to that
at ground 1evel; In additioﬁ to this highly.favorable‘7Be coﬁcentration
gradient, i; is expected that the relatively small variation in cosmic ray
partic%e flux and slow mixing in the stratosphere minimize variation

in the 7Be concentration in the stratosphere. These arguments combined with

' . 7 . .
the convenience of ’‘Be measurements and a half-life comparable to the time-

scalé bf the dynamic processes studied, has'resﬁlted in many attempts to use
7Be as a stratoépheric tracer in surface air (Husain et al., 1977, 1979;
Dutkiewicz and Husain, 1979; Ludwick et al. , 1975; E. Reiter et al., 1977;
Singh et al., 1979; Wolff et al., 1979 A){‘ These studies used the ground level
7Be‘concentration measurements to deduce information relating to strétqspheric
intrusions and associgted transfer of ozone into the tropdsphere assuming ali of
the observed 7Be originated in the stratosphere. Although the average 7Be
concentration in the lower stratosphere is many times that in surface
air, the magnitude of the stratospheric 7Bé present in the troposphére depends
upon the infensity of stratospheric-tropospheric éxchange, transport process
and the mean residence. time. Therefore, it is important to subtract the 7Be
produced in the troposphere (hereafter referred to as troposphéric 7Be) before
using the obsérvéd 7Be values to deduce information regarding étratospheric
inputs. Fortunately, this'correction is relativély simple'to make if applied
to the observed 7Be data on a long-term basis, e.g., monﬁhly or annual averages.
On a daily basis, however, the propospheric.7Be can vafy several fold. To
use 7Be as a stratosphefic tracer bn a daily or episodic basis, it is impbrtanﬁ
to know tﬁe intensity of the stratospheric contribution. This can be partiaily
achieved if two radioisotopes with considerably different half-lives afe used.

' 2

The discussion below shows that 7Be/3 P ratio could be used as a stratospheric

tracer on a daily or episodic basis.
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3.2 7Be/32P

Because of the limitations of using 7Be condentrafion alone as a
stratospheric tracer discussed above, we have also utilized 7Be/32P rétioé
és indicators of stratosphéric air. A paper sumﬁarizing our studies on
7Be/32P ratios has been submitted to J. Geophys. Res. A preprint is attached
as Appéndix IV. Briefly, the average of 90 measurements in the lower strato-
sphere yields a 7Be/32P ratio of 80 (Feely et al., l97i)’in reasonable
agreement with the theoretical equiligrium ratio of 100+20 (Lal and Peters,
1967). Due to relatively short irradiation times (or residence times) of
éerosols in the troposphere (e.g., Machta et al., 1970; Martell énd Moore,

7

1975; Reiter, 1975 and ref. therein), the Be/32P ratio does not reach

equilibrium and hence the value for this ratio is expected to be much smaller
in the tropééphere. The 7Be and 32P productionlrates yiéld a minimum 7Be/32P
ratio of 22, which can be observed only in a.fréshly cleansed air mass. Using
a mean residence time of 30 days, however, and equilibrium value 80 (i.e.,

the stratospheric value) we obtain a 7Be/32P ratio of 38 for purely tropo-
spheric air. When tropospheric airAmixés with stratospheric air 7Be/32Pv
ratio betweeﬁ 38 and 80 would result depending upon the relative proﬁortions
of the stratospheric and tropospherié compdnent as shown in Fig. 6. The

decay of the stratospheric 7Be and 32P concentrations have not been“included.
If a stratospheric air mass remains relatively intact in the troposphere for

a significant length of time, the 7Be/32P ratios will be > 80 due to the
ﬁore‘rapid decay of 3%3 (t% = 14.3 4) combared to 7Be (tl/2 = 53.3 d). There-

2P ratio could provide significant information about the origid

fore, 7Be/3
] 3 7, ,32 .
of an air mass. For example, if the observed 'Be/ P ratio is between 22 and

38 but the 7Be concentration is high, it may be inferred that the air mass
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Fig. 6. 7Be/32P activity ratio for mixed strato-

sgheric (7Be/32P = 80) and tropospheric
( Be/32p = 38) air masses as a function
of the % of the resultant /Be concentra-
tion originating in the stratosphere. .
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is of tropospheric origin and that high 7Be concentration suggests the air
mass originating in the upper troposphere.
. 7 32 . e . 7 .

A high ‘Be/ "P ratio, say > 60, even if the "Be concentration 1s
low suggests a substantial stratospheric contribution. The low 7Be concen—
tration may be due to atmospheric cleansing processes. We can think of
exceptions to the above generalizations, e.g., in isolated cases tropospheric

irradiation time could be very long so that 7Be/32P ratio of a tropospheric

air mass could be > 38. However, an irradiation time of 75 days is required

to produce a 7Be/32P ratio of 50. This is an unusually long time for a’

dynamic troposphere. But to be on the conservative side, we have used

7

: Be/32P ratio as a tracer only on those days when 7Be/32P > 60.

4, fROPOSPHERIC TRACER
4.1 Sulfate
Since at times traﬁsported photochemicaily produced O3 can be
present in large amounts at Whiteface Mountain, it is highly desirable to

develop a tropospheric tracer to assist the resolution of sources of 03. As

" discussed in Section 10 sulfate concentrations can be used as an indicator

of_tfansported pollutants at Whiteface Mountain. Our daily measurements of
sulfate are discussed in SectionAll. To search for some clear relationship
betwgen tranéported 03 and sulfate we compared daily 03 cgncentrations with
sulfate concéntratiops on days when the latter exceeded a value of 10 ug/m3.
Fig. 7 shows our daily data obtained during June-August, 1977 and June, 1978- ‘
December, 1979. It is distinctly.clear from Fig. 7 that an 03 concentration
in excess oﬁ 50 ppbv is observed when the sulfate concentration exceeds 10
ug/m3. This empirical observation strongiy suggests the possibility of using

sulfate as a tracer of the transported photochemical O3 component.
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Fig. 7.
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Relationship between O, concentration in ambient air versusg SOZ- concentration in
air particulates at Whiteface Mountain showing that for S02~concentration > 10
ug/m>, O3 concentration exceeds 50 ppbv. The dashed lines are drawn parallel to
the best least squares fit for the points encompassed in the field.
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To further investigate the relationship between sulfate and 03
we have plotted in Fig. 8 our measurements of 03, sulfate and 7Be cénéentra~
tions carried out on 6-h samples collectedAduring June 13 to 25, 1979. 1In
the 6-h data it is observed that whenlsoiﬁ concentration > 10 ug/m3, 0,4
exceeds 70 ppbv. A comparison betweep 7Be, O3 and gulfate is a little more
revealing. On June 13 and 14, Sbi_'concentration is < 0.5 ug/m3; 7Be, |
35-45 ppb&. In the morning éf June 15, the sulfate

3

and O3 concentrations suddenly increase, butA7Be remains v 200 fCi/m™.

Although not quantitative, sulfate and 03 concentrations vary in similar

170-260 fCi/m3 and 03,

fashion during June 15 and 18. There was precipitation on June 18 whicﬁ-
lowered the concentrations for all three species. On June 19, 7Be increased
to v 250 fCi/m? but suifate concentration remained < 0.5 ug/m3. During this
period O3 followed 7Be. Between June 19 and 22 the 7Be and 03 concentrations
were high and appear fairly well related. The sulfate concentration remained
<.0.5 ug/m3 until June 21 and began to increase slowly. 7Be and 03 peaked
at 0-600 hours on June 22 and tﬁen began to decline. On tﬁe other hand,
sulfate increased to 14 ug/m3 at 1200-1800 hours on June 22; |

Further support of sulfate as a tropospherié tracer is found in
surface trajectories (Heffter, 1980), which illustrate the difectional
origin of the air masses. The 6-h trajectories arriving‘at'Whiteface Mountain
on June 14 and 15 are sﬁown in Fig. 9. It is observed that on Juné 14, the
trajectories are from the northwest, when 7Bebbncentration was high but
sulfate < 0.5 ug/m3. On June 15 the direction of trajectories changed to
southwest, -and sulfate concentrations suddenly increased. Husain and
Samson (1979)'and Galvin et al. (1978) have shown that high céncentrations
of trace elements,'parficulates and sulfates often originates in thg midwest

(southwest of Whiteface Mountain).
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Fig. 9. Backward surface (0.4-1.4 km) trajectories for air arriving at Whiteface
Mountain on-June 14 and 15, 1979. Each arrow head represents a 6-h
interval. :
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The above examples were intended to illustrate that both 7Be
and.sulfate can be utilized to gain insight into the sources of 03. It ~
may be possible to quantify the’transpo?ted photochemically produced O3
using sulfate concentration measured o&er a very éhort time,épan. At the
very least the simultaneous sulfate measurements will assist in the inter-

pretation of 7Be and 03 data.

5. TEMPORAL SYSTEMATICS OF 7Be, 03 AND 7Be/32P AT WHITEFACE MOUNTAIN

5.1 Monthly Correlations of 7Be and O3

Daily 7Be, 32P, 33P and O3 concentrations determined since June,

1978 at Whiteface Mountain are listed in Table 1. Uncertainties for 7Be;
32P and 33P can be inferred from Fig. 2. The 33P results are given for
completeness, howeVer, because of the large uncertainties these results are
not discussed. |

The importance of ﬁhe stratosphere as a soufce of surface 03 cén
be inferred from a comparison of monthly éveragg 7Be and O3 (Fig. 10). The
general features of the 7Be and 03 péofiles are similar. Both have maximum
concentrations in June and July aﬂd minima in December and January. Also,
both concentrations increase in November, 1978 and rise sharply in February.
However, 7Be concentration during June and July decrease steadily from 1977
through 1979, while 03 increased slightly.

It ﬁust be kept in mind that while 7Be primarily originates in the
stratosphére and upper troposphere, 03 also has significant ground level
sources (i.e., transpor;ed urban—ipdustrial pollution). Thus, any direct

correlation of 7Be and O3 may be masked. This will become more evident as

the time scale of measured 7Be and O3 is decreased.
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Fig. 10, Monthly average. 7Be and ozone concentrations measured at Whiteface Mountain. Shaded
. : areas represent the uncertainties in the monthly averages due to upper limit measure-
ment, Months where < 25 days of daily measurements were averaged are indicated by
asterisks (¥*). ' '
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5.2 Correlation Between Bi-Weekly 7Be and 03

To examine more closely whether there is a quantitative relationship

3 at Whiteface Mountain, a scatter plot of bi-weekly averages

is shown in Fig. 11A. 7Be and 0., clearly increase together, althdugh consid-

between 7Be ahd 0
3

erable fluctuations are evident. Since transpof;ed ozone to this site can

be large and variable (Coffey and Stasiuk, 1974), séme scattering of the

data is not surprising. . Excluding the three points indicated in Fig. 11A,

a linear regression fit of this daga is shown by the solid line. This line

yields a correlation coefficient, r = 0.78. For 35 data pairs there is

< 0.1% probability of obtaining this value of r from random uncorrelated

data. However, the regression line does not péss through the origin, rather
it intersects the O3 axis at 18 ppbv. The inverse of the slope of this
line corresponds to a 7Be/O3 ratio of 4.2_fCi/m3/ppbv, which is a factor of
2.6 lower than the average ratio observed in the lower stratosphere (Appen-
dices I and III), althoﬁgh, it's comparable to the upper tropospheric ratio
of 5.4 fCi/m3/p§bV deduced for spring‘and summer months in Section 6.2.

Fig. 11B is a scatter plot of bi-weekly 7Be and O3 data from
Zugspitze, Germany (R. Reiter et al., 1977 and 1978). Although the data
ggnerally follow the same trend as Fig. 1lA, linegr regression analysis

yields r = 0.66 which is somewhat lower than 0.78 value obtained for White-

"face Mountain data. However, this value of r is still significantly high

for the numbef of data pairs compared, and supports the correlation of 7Be
and 03. The slope of the regression line is different at Zugspitze compared
to Whiteface Mountain. The resultant 7Be/O3 ratio is 7.6 fCi/m3/ppbv, which

falls in between the upper tropospheric and stratospheric ratios. The

difference in the slope of the regression lines in Fig. 11 may be related
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Fig. 11.
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TBe (iCi/m°)

Scatter plot of bi-weekly average
7Be and ozone concentrations mea-
sured at (A) Whiteface Mountain,
N.Y. and (B) Zugspitze, Germany
(R. Reiter et al., 1977 and 1978).
Solid lines are linear regression
fits to the data.
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‘to different effects of the transported 63 components at the two sites.
For example, if the 1argest effect of transborted 63 at Whiteface Mountain
also corresponds toAsummer months when 7Be concentration is highest (SOA-

also maximum, Section 11), this could increase the slope in Fig. 11A (ér decrease
the implied 7Be/0_3 ratio). More detailed study of the data at the two

sites is needed.

5.3 Correlation of Daily 7Be, 7Be/32P and 03

On a daily basis the comparison of ?Be and 03 is even/yore com-
plex. In Figs. 12-14 daily 7Be, O3 and 7Be/32P daté are shown. To
facilitate comparison between the 7Be and 03, values higher than the
monthly averages have been shaded. 1In general, fhe shaded periods occur
at the same time for both 7Be and 03. However, a simple quantitative rela-
tionship between 7Be and O3 is not clearly evidént.‘ Several examples will‘
illustraté this point.

There are four.periods in April (Fig; 12) when 7Be concentration
exceeded 115 fCi/m3 (the monthly average), April 8, 17—21, 24-25 and 30.

On April 8, 7Be concentration increased from 25 fCi/m3 on April 7 to 215
fCi/m3 (+190 fCi/mB), while O3 increased from 42 to 55 ppbv (+13 ppbv).

The ratio of 7Be increment to the 05 increment is 14.6 fCi/m3/ppbv, which
is in fair agreemenf with the. measured lower stratospheric ratio of 10.9 in
spring (Dutkiewicz and Husain, 1979). On April 17, 7Be increased by

155 fCi/mB-from the previous day whereas 03 increased by 11 ppbv yielding
ﬁhe increméntal ratio of 14.1, again in fair agreement with the strato—
spheric value. Note the 7Be/32P ratio is 60 on April 17;-supporting a
large stratosphefic component. However, this simple relationship is

not always the case. For example, an incremental ratio of 4.2 fCi/mB/ppbv



-31-

S

? Be/ 2P (prsy/oo)

72’;_/329 (oPw/rew)

6~
| [
: - &
|
| 1 &
; o
&
&
]
1 .
M
10 S
A =
~ and
g &
s o |
~ P
o sh‘r_,— [v4)
T T v ~— T TTT T
5 ‘]0 i ll)l 1BR 120( | R AL ‘Zyﬁ 1SR x)l' A] rTrinri 16 LR (l()j TZ)I T l_l IZSI ‘?8
Jnasry 1579 ' Fruray 1979
-
’§ .
T (]
3 |
2 haed .
5 CY
-
& 3"
A2 Y
7
&
B
30
200f-
s X gl
s =
& &
T T T Y TS TT .1rTﬂ; a -
5 10_'], IZU I’Z';f'"r“f"r",’a'j lIllslllllldfflgsllllld)lvl]Ilzsllllnm
MarcH 1979 : ) Arwie 1979

Fig. 12. Daily concentrations of 7Be and ozone and 7Be/32P ratios measured at
' Whiteface Mountain, N.Y., January through April, 1979. To facilitate
" comparison larger than the monthly average have been shaded.



Ozote (pPR) ? 85/32{’ (pPH/DPM)

Toe (cC1/)

Ozone (PPB)

TBe (rC1/D)

Toe/3% (opw/oem)

-32-

llllllll_llollllllslllllzolllllzlllllmb

5
May 1979

T T T T T I T T T T I T T T T I 111 T rriTid
5 10 5 2 5 30

Jur 1979

Fig. 13. Same as Fig. 12 except for May through August, 1979.

T5e/52p (pem/oem)

Ozone (PPB)

2e/3% (empm)

g
5

)

Ilrrsll1T&0TlllBSIIIII,A)IIIIIZSIIIIIIJ

Jue 1979

+

TT T I T T T I T T T TS T T T LV T 7TTo
5 d = 59 25!1‘111301

Awust 1979



T8e/3% (cow/oe)

Ozone (PPB)

TR (1)

T/ (ppw/oew) -

Ozore (PPB)

TR (:C1/0)

-33-

SRR ERE
5 1o 15 2 ) 2

Serreeer 199

. . N B
IFIIIIIIIIIII 1T 11 T T 1 T T 1 1T L
5 10 5 A % 5%

Noverser 1979

Ozve (pPB) The/3% (oow/om0)

T8 (L1

TRe/3% (pem/oo)

Oz (PPB)

e (:L1/0)

=]

b=

b ‘ ‘-"'h o ﬂ;

=]

IIISIIIIIIIIIIIIFPIFTIIII‘IITII
1o 15 p. ) 5 D

Ocrazer 1979

Y

. ‘ . L
TTIIIIISDIIIfcIIIIIIIIIIFIIIII
5 5 2 5 X

Decermer 1979

Fig. 14. Same as Fig. 12 except for September' through December, 1979.




—34—

is observed on April 24. This suggests an additionai O3 source on this
day. The sulfate concentration can be enlightening here. For example, we
measured 1.1 and 1.8 ug 502_/m3 on April 8 and 17 but 8.3 ug/m3 on April

24, Since SOZ_

4 is pollution derived it suggests transported photochemical

03 on April 24. Hence, the lower 7Be/O3 ratio of 4.2 fCi/m3/ppbv is under-
stand;ble. Also, the 7Be/32P ratio is only 44 on April 24, indicating .
mixed tropospheric and stratospheric air.

Similarly in July, Fig. 13 there are fivé episbdes of above
average 7Be (July 3, 8-10, 13, 14, 19-24 and 28). The most pronounced peak
is on July 19-24. The incremental ratio for July 18-19 is ~ 4, far lower
than the stratospheric value. However, a large tropospheric O3 component
is indicated by a soi" concentration of 6.2 and 34.5 pg/m3,'respéctively on
July 19 and 20, and 7Be/32P. ratios-of 49 and 56 respectively. Clearly,
both stratospheric and ground level O3 sources influence this site; and
their delineation on é daily basis is far from trivial. Possibly the most
practical approach, with our present knowledge of atmospheric transport, is
to quantlfy the stratospherlc component on an average monthly basis. The

quantification of episodic stratospherlc O3 will be dlscussed further in

Section 7.2.

6. DETERMINATION OF STRATOSPHERIC-O3 FROM 7Be MEASUREMENTS

6.1 General Technique

Stratospheric O3 contributions in surface air can be determined
from ground level 7Be measuremens if, (1) 7Be/O3 ratio in the stratosphere,
(2) 7Be component from tropospheric production, and (3) removal rates of 7Be

and 0, during transport arée known. We describe below our recent work on

3

the determination of 7Be/O3 ratios and tropospheric 7Be component.
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6.2 Determination of 7Be/0,J Ratios in the Lower Stratosphere and the

Upper Troposphere

Our measurements of.7Be/O3 ratios in the stratosphere for 350—420N
for January-June, 1978, and 20°-50°N fdr October, 1977-March, 1979 have been
published elsewhere (Dutkiewicz and Husain, 1979, Appendix I; Husain et al.,
1980, Appendix III). Tﬁese papers did not include all of our data. There-
fore, we present briefly all of our 7Be/03,rati6 measurements here. In
addi;ion to 7Be/03, 90Sr concentrations were also measured in each sémple.
The .discussion of 905r data will be deferred to a latter section in this
" report.

Concentratioﬁs of 7Be, 90Sr and O3 at 9.8;12.2 km and 11°-56°N
for October, 1977 through June, 1979 are given in Table 2. There is a |
preponderance of data in 30°-40°N and paucity of data above 45°N and below
20°N. Tropopause data for our sampies are still being analyzed by NASA.
Therefore, as discussed earlier (Dutkiewicz and Husain, 1979) we have tenta-
tively analyzed assigned samples as stratospheric and tropbsphéric on the
basis of observed 03 concentrations as follows: O3 > 200 ppbv, stfatoéphere,

and 0, < 100 ppbv, troposphere. Following this criterion, it is observed

3
that 7Be measurements in the stratosphere héve relatively. lower uncertainties.
Also in many of the upper tropospheric samples only an upper limit for the

7Be concentration could be determined. 7Be concentration vary from 150 (which
. is similar to ground level values) to 7,300 fCi/fn3 whereas 03'vary from 30

to 670 ppbv. Clearly, these samples repfesent both ;he sfratosphefe and
troposphere. At the altitude of these studies, 03 produced from pollutant

NOx and hydrocarbons must be minimal. It is, therefore, interesting to

study the correlation between 7Be and 03.
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Thé 7Be and O3 data from Table 2 is plbtted in Fig. 15. Uncertain-
ties in O3 and.7Be concentrations are shown respectively by vertiéal and
horizontal bars. The solid line represents a linear regression fit to tﬁe
data and has a slope of 0.072 ppbv/fCi/m3. The linear correlation coefficient
(r) for this line is 0.89, which, for a data set of this size corresponds
to 99% probability that 7Be and 03‘are linearly correlated. In light of
experimental uncertainties, the small non-zero intercept may be néglected.
The solid line then corrésponds to a constant 7Be/O3 ratio pf 14 fCi/mB/ppr.
In Fig. 1 of Appendix I1I1, we observe thaf there is a small but noticeable
seasonal Variation'in the stratospheric 7Be/O3 ratio, with higher values
observed during fall and winter, when the lafgest proportion of the samples
were collected. Thus, the 7Be/O3 ratio determined from the solid line fit
to the data in Fig. 15, may be biased on the high side. 1In Appendix III,
we:determined a more representative annual-aQérage 7Be/O3 ratio of 11
fCi/m3/ppbv from stratospheric data. This corfesponds to the dashed line
in Fig. 15. In view of the experimental uncertainties, the dashed line is
probably a better representatién of the complete data set.  HoweVér, tropo-
spheric 7Be/O3 ratios (O3 < 100 pbbv) genérally fall above this line. A;
discussed above, only the upper limit of the 7Be concentration could be
measured in many upper tropospheric samples. Hence, we have taken a diffef—

'ent_approach to'obtéin 7Be/O3 ratio in the upper troposphere based on all
of our measurements. In Fig. 16 we show the tropospheric 7Be/d3 ratio
distribdtions for March through August and Septembe? £hrough February periods
30°-60°N. In obtaining these.distributions we have included the upper limit
measurements by assuming that there is an equal probability that the real

value lies in any 2 fCi/m3/ppbv interval below the‘upper limit. The



AN

OZONE (ppbv)

700

600

500

300

200

100}

~37-

Fig. 15.

Be (fCi/m°) x 10°

Scatter plot of 7Be and ozone measured at 9.8 to

12 km, 300-60°N. Vertical and horizontal bars,
respectively, correspond to uncertainties in ozone
and /Be where space permits. The solid line is a
linear regression fit to the data (r =_.89). The
dashed line corresponds to a constant 7Be/ozone
ratio of 11 fCi/m3/ppr determined from only
stratospheric measurements.as explained in the text.
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Fig. 16. Distribution of 7Be/O ratios meésufed in
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km, 309-60°N. Uppet limit .ratios have also
been included as discussed in the text.




Pye

-39~

- distribution for March-August is strongly peaked at low 7Be/O3 ratios

(Fig. 16). An average ratio of 5.4 fCi/m3/ppr is obtained. For September-
February, the-distribution is broad and no meaningful average 7Be/O3 ratio
can be obtained. |

We note in passing that 7Be/O3 ratio juét below the tropopause
are approximately one-half of.thosé observed just above‘the trépopaﬁse.
For dilution of the stratospheric air by the upper fropospheric air to
account for the ratio change a relatively higher O3 cdncentration in the
upper troposphere is needed. Alternately, a more rapid removal of 7Bé
aerosols will also result in lowering of the stratospheric 7Be/O3 ratio.
In the upper troposphere there is expected to be relatively higher production
of 7Be than O3 as the concentration of anthropogenic NOx and hydrocarbons
decreases. However, Liu et al. (1980) have recently propdsed that 03 may
be produced in the upper.troposphere from odd nitrbgen species transported

from the stratosphere. This mechanism could explain our results.

6.3 Tfopospheric 7Be

Within the lower 5 km of the atmosphere the production rate of .
cosmogenic radionuclides is relatively small (Lal and Peters, 1967). Rapid
circulation and precipitation scavénging in the lower atmosphere results in
aerosol lifetimes on the order of only a few days (Machta et al., 1970;
Martell and Moore, 1974; Reiter, 1975 and references therein). These factors
all limit 7Be production, so that the net 7Be concentration produced in the
lower 5 km is expected to be negligible. Therefore, the observed 7Be con-
centration primarily originates aloft (upper tropésphere and primarily
lower stratosphere). In order to use 7Be to quantify stratospheric ozone,

the tropospheric component which is mixed in during transport should be
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subtracted. This is particularly important on a daily or episodic basis
since rapid mixing can at times bring down uﬁper tropoépheric air which
can have a relatively high»7Be concentrétion (Fig. 5). To determine the
tropospheric component it is necessary to consider regions or times when
:the stratospheric influence is known to be minimal, since a small contribu-
tion from the stratospheré is sufficient to significantly effect surface
7Be concentrations. Also, in order ;o quantify stratospheric ozone on a
daily basis, the tropospheric component should also be known on a daily
basis, or at least the rangé of most probable vériation must be considered.
In Appendix III global 7Be data was used to estimate the trgpo—
spheric component. The theoretical latitudinal profile of tropospheric
production (Lal and Peters, 1967) was normalized to global 7Be concentra-
tions at the equator and 60°N and 6OOS (regions of apparent small strato-—
spheric influence). An average background 7Be concentration of 50 fCi/m
was obtained for mid latitudes, with slightly lower values at the poles and
equator. Since this estimate is based on global data which in many cases
has been averaged over several years, we have adopted 50 fCi/m3 as the
average tropospheric contributioﬁs. 7Be data‘from Whiteface Mountain
supports this value for the tropospheric component. During October through
January, when the stfatospheric component from tropopause folding is ex-
pected to be minimum (Danielsen and Mohnen, 1977), the distribution of 7Be
céncentration peaks below 75 fCi/m3 (Fig. 17).. Also, with the exception of
November, 1978, monthly averages during this period fall between 55 and
75 fCi/m3. Since a sﬁall stratosphéric contribution is possible at this
»(time, these results are consistent with 50 fCi/m3 as the average background

7Be produced in the tropoéphere.
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It is also possible to deduce tropospheric 7Be component from
7Be/32P data. In section 3.2 we have argued that for'tropospheric air
the 7Be/32P ratio is between 22 and 38. Thus, the average 7Be concen-—
tratioﬁ on these days should represent tropospheric production. This
criteria and the data in Table 1 yields a value of 74 % 44 fCi/m3, where
the uncertainty is the 1 ¢ deviation. Except for 1979, the data in Table 1
was preferentially obtained dufing summer months, a time of high strato-
spheric—trobosphefic exchange. Using only 1979 data lowers the average
. tropospheric 7Be'component to 65 * 40 fCi/m3. Including the days when 32P
wés beléw the detection limit (hence 7Be/32P could not be determined) furtherA
lowers the troposéheric_7Be component to 45 = 40 fCi/m3. In summary, there-

fore, our tropospheric 7Be component as 50 fCi/m3 appears well established.

6.4 Mean Residence Times of 7Be and O3

Please see Appendix III for the discussion of the mean residence

times of 7Be and 03.

7. ESTIMATES OF STRATOSPHERIC O, IN SURFACE AIR

A 3
7.1 Global

‘A paper entitled, '"On the Origin of Tropospheric bzone” has been -
submitted to‘Nature. A preprint is'attachgd to this report as Appendix III.
In this paper the impact of stratospheric-tropospheric exchange on the
trépospheric O3 budget is assessed using 7Be as a tracer. A comprehensive
global ?Be latitudinal profile is presented'from available data in the
literature. This profile demonstrates that stratospheric—troéospheric

exchange is approximately two times greater in the northern compared to

southern hemisphere, in agreement with recent General Circulation Model
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calculations (Mahlman et al., 198d and Gidel and Shapiro, 1980).' Also, ?Be
is observed to be strongly peaked iﬁ surface air between 20° and 450N and
15° and 40°s. Itvcannot be inferred from this data whether this is caused
by a greater exchange flgx in these latitude bands or whether tropospheric
mixing patterns preferentiall& transport stratospheric air to the surface
in these regions.

ﬁsing‘equation 3 and valuesvofAkl'and k2 discussed in Appendix IiI,
the éomponent of tropospheric O3 originating from the stratosphere is
calculated. The results show that at least half of the annual average
sﬁrface O3 at 20°-50°N and essentially all the O3 at 60°-90°N origiﬂates
from the stratospﬁere. Calculations in the southern hemisphere is hampered
by the lack of directly measured 7Be/O3 ratios in the stratosphere as'well
'as less abundant surface 7Be measurements, especially 60°-90°s. For-100—4OOS,
our calculations suggest at least half of the observed O3 originates from
the stratosphere.

7.2 Episodic

The problems involved in calculating the stratospheric component
in episodic high ozong-periods have been discussed. However, it is possible
to estimaté the average impact of stratospheric 03 due to the rapid sub-
sidence of stratospherié air. We assﬁme days with peak 7Be concentration
> 175 fCi/m3 corresponds to rapid stratospheric subsidence. This value is
3.5 times the estimated tropospheric backgfound concentration (Section 5.2)
a;d 47 of the observed concentration in the lower sfratosphere (Abpéndix.l :
and Fig. 5). Although this value for the 7Be concentration may appear low
for rapid transport, many of the cases included have 7Be éqncehtration

> 250 fCi/m3. Support for this assumption can be inferred from Fig. 17.
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With the exception of June and July, 7Be céhcentration is oﬁly infrequently
greater than this concentration. Thus, it is reasonable to assume that
rapid stratospheric subsidence is respondible for most of the observed 7Be
concentration on these.days. At times the 7Be concentration does remain
above this level for several consecutive days, particularly in sﬁmmer

(Fig. 12514). In these cases-thg day with the highest 7Be concentration

is assumed to correspond to rapid transport.

7Be and 0, concentrations and 7Be/32P ratios were averaged for

3

33 such peak days and 5 days prior to and after the peak. soi' concentration

was also averaged for 25 cases where sufficient data was available. The

o . 7 .
results are shown in Fig. 18. The average Be concentration on the peak

days (day 0) sharply increase from 160 to 250 fCi/m3. The 7Be/32P ratio

3 also peak on this day. 1In fact, the average 7Be/?zP ratio (65) is
approaching the measured ratios in the lower stratosphere (Feely et al.,
1971), supporting our assumption that the 7Be concentration observed on these
peak days is pf recent stratospheric origin. On the day after the peak
(day.+'l), 7Be and 7Be/32P ratio show a dfamaticAdecrease, while only a
modeét decreaée in O3 is observed; However, SOZ_ concentration ié low on
day 0 but shows a dramatic increase on day +1 suggestiﬁg increased impact
from distant polluted afeas.

Assumed baséline values for 7Be, and O3 are shown as dashed lines
in Fig. 18. We assume that only the 7Be concentration above the dashed line
for days -1 to 1 corresponds to the component rapidly transﬁorted. Using

the stratospheric 7Be/O3 ratio of 11 fCi/m3/ppbv, and assuming no fractiona-

tion of 7Be and O3 during transport, the estimated O3 associated with rapidly
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transported straﬁospheric air is shown shaded. "For day 0 and day -1,
essentially all of the increased,o3 is accounted for. However,vthe 03
estimated for the day + 1 is too small to account for the observed concen-
tration. Iﬁ‘fact, the 03 does not return to'baseline values for 4 dayé,

while 7Be returns to baseline concentration on day + 2. As mentioned above

4

concentrations on day + 1 and + 2 strongly suggests that the‘
backside of the weéthef system causing the rapid stratqsphéfic spbsidence,
also favors transpért from distant ground level O3 sources, as probosed by
Husain Eg:él" (1977) to explain the fact that at times 63 was observed
to peak a day affer 7Be.

Although the_average increased O3 during the time of peak 7Be in
Fig. 18 can be accounted for using stratospheric 7Be/O3 ratiés, the increaéed
concentration is only 12 ppbv. As the baseline O3 for these 33 cases is
48 ppﬁv, this amounts to only a 25% increase. However, assumed baseline O3
(i.e., 48 ppbv) is not necessarily from tropospheric sources. The high base-

line 03 and 7Be can in part be explained by the fact that most of the cases

averaged occurred in spring and summer months when the average 7Be is highest

© and stratospheric impact is the greatest. The baseline 7Be/32P ratios (50)

. and 7Be concentration (120 fCi/m3) are both higher than expected for purely

tropospheric air, and support a stratospheric component for the baseline

0. indicated in Fig. 18. However, the magnitude of this component is diffi-

3
cult to estimate. The point to be made here is that rapid subsidence of
stratospheric air can increase surface 055 although on the average, the

increase is dnly approximately 25% of the observed 03. The other

significant point is the fact that the peak SOZ~vconcentration generally
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occurs the day aftef peak 7Be, and therefore is likely to be associated
with the backside of the same weather system. Thué,.stratospheric subsi-
dence may intensify thé iﬁpact of photochemical pollution episodes.

As we have already mentioned; applying the 7Be/O3 technique on
an individual daily basis canﬁot yet be done with confidence. The fate of
stratospheric air parcells in the troposphere must bé undérstood more fully.
(i.e., mixing and transport mechanisms) so that any fractionation of 7Be aﬁd

O3 during transport can be accounted for.

8. STRATOSPHERIC MEAN RESIDENCE TIMES

Our high altitude measurements began in October-l977, shortly after
Chinese nuclear detonation in the previous month. Our 90Sr data provides
an excellent opporﬁunity to determine the lower stratospheric aerosol mean
residence times. Using O3 > 200 ppbv, for stratospheric samples, we have

9OSr/03, and

plotted in Fig. 19 only the stratospheric ratios of 7Be/03,
90._,7 10 ccO . .

Sr//Be measured at 35 -55 N. Uncertainties are shown by vertical bars.
During 1979 the sampling times were reduced from 2 to 1 h, thus reducing
by half the air volumes filtered. Furthermore, 903r concentrations -in 1979
were much lower than those in 1978. The decreased specific activity increased
the experimental uncertainties (Fig. 19). Theréfore, for mean residence time
determination we have restricted ourselves to 1978 data. It is evident both

90Sr/7Be ratios in Fig. 19 that 9OSr is decreasing exponen-

90

from 90Sr/O3 and
. 90 7 . .
tially, although the slopes of Sr/O3 and Sr/ Be regression lines are

different. On the other hand,"7Be/03 ratios show relatively Small variations,
which could be seasonal (Appendix III). This suggestion is supported by

.the fact that the 7Be/O3 ratios in 1979 are about the same as those in

90

1978, contrary to 90Sr/O3 and -Sr/7Be values.
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Both 90Sr/Oé and 90Sr/7Be ratios could be used to determine aerosol

mean residence time in the lower stratosphere. A mean residence time-of
. . 920 7 90 . . :

270 days is obtained from Sr/ Be data whereas Sr/O3 ratio yield a value
of 180 days. The variation in 7Be/O3 ratio is reflected in the two values
fof,the mean residence time. Both values are lower than Vv 1 year mean
residence time determined by other workers (Reiter, 1975 and ref. therein).
However, mean residence time depends on the altitude of fission product
o : : 90, 90, _,7
injection and the latitude of measurements. Higher Sr/O3 and Sr/ Be
ratios in 1979 than expected from the solid lines in Fig. 19 may suggest
descending fresh upper stratospheric air during winter months, possibly

from the polar stratosphere as suggested by earlier tracer experiments

(e.g., Martell, 1970; Feely et al., 1971).

9. TRANSPORT TIMES OF STRATOSPHERIC AIR TO WHITEFACE MOUNTAIN -

. The transport time of stratospheric air reaching Whiteface Mountain,
New York was studied using the activity ratios of cosmic ray-pfoduced 7Be/32P.
The observed ratios can be expressed as-a fﬁnction of the fractién of observed
7Be which orlglnated in the stratosphere and tﬁe time spent by the stratospheric
air parcel in the troposphere prior to sampling. Thus, for cases where the
stratosphetic and tropospheric 7Be components can be inferred and the strato-
spherlc component domlnates, the transport time can be determined from 7Be/32P
activity ratios. For the summers of 1977 and 1978 and the spring and the
‘summer of 1979, 44 occasions when stratospheric air reached this site were
studied. The mean transport.time was 7 days, but on most occasibns the
time was < 5 days. For the fall of 1978 and the winter and fall Gf 1979,

12 cases were studied. The mean transport time was 16 days, but many

occasions suggesting longer transport times were not included due to large
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uncertainties in the 7Be/3?P ratios. The transpoft times determined in
this work are much shorter than those estimated for stratospheriq—tropo-
spheric exchange occurring via mean meridional circulation but comparable A
to travel times associated with tropopause folding events. These results
provide'compelling evidence in suppoft ofltropopause folding as the pre-
dominant mechanisms for s;ratospheric—tropospheric exéhange.

A paper on this sﬁbject_has been submitted tq‘J. Geophys. Res. A

preprint is attached as Appendix IV.

10. SOURCES OF SULFATE AND TRACE' ELEMENTS IN SUMMER AEROSOLS

Trace elements in summer aerosols collected during 3 consecutive
summers of 1975 through 1977 at Whiteface Mountain and 4 other sites were
analyzed by instrumental neptron activation analysis. Sulfate in these
aerosbls was.determined by colorimetric method (Appendix vI). Of the'94
samples analyzed, 18 of them showed high concentrations of SOA— and several
trace elements. Surface wind trajectories showed tﬁese high concentrations
aré transporﬁed by stagnant air masses from distant sources lying south
and southwest of the site. Relative to their crustal abundances Cr, Zn,
As, Se, Br, Sb and_SOZ—jwere found to be highly enriched in thege aerosols
with enrichment factors ranging from 15 for Cr to 12;000 for Se. To in-
vestigate sources of such high atmospheric enrichments wehcohsidered cases
with high episodic concentrations of soﬁ' (i 10 ug/ma). Such episodic

events with soz" concentrations > 10 ug/m3 have also been suggested in

Section 4 of this report as tracer for tropospheric 03.
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Statistical data reduction showed that these episodic cases seemed to
retain the identity of the distant sources. Multivariate analysis on the
18 recorded episodic events revealed 4 different anthropogenic sources:

(1) fossil fuel (soz', As, Se), (2) Municipal refﬁse incinerators (Zn, Sb),
3 iron and steel works (Cr apd possibly Fe, Mn) and (4) automobile

* exhaust (Br). -Details on these aspects of the study may be found in a re-
print.of the paper entitled, "Long Range Transport of Tréce Elements" and
preprint on "Summertime Concentration of Trace Elements in Atmosphefic
Aerosols at Remote Sites in New York State' (submitted to Atmosphefic

Environment). These have been attached as Appendices II and VI respectively.

11. DISTRIBUTION PATTERNS OF SULFATE, TOTAL'SUSPENDED PARTICULATEs; AND

TRACE METAL CONCENTRATIONS IN AIR PARTICULATES .

From the above studies (Appendices II and VI) Qe observed that at
remote Whiteface Mountain average trace element and SO4f concentrations in
summer aerosols is more tybical of urban rather than remote_fegions. A
legitimate question is whether these elevated urban-like concentrations
_ prevail during the rest of the year. 'To address this question we under took
a year-round investigation on trace elements and 804_ contgnts in aerosols
collected daily during 1979 at the site. As far as we are aware, no such.
daily studies at remote areas have been attempted in an uninterrupted manmer
for a whole year. In addition, the study generates a data base for airborne
Soz_‘and traée metals essential to check the effectivéness of future measures
to control 302_ and other pollgtanté at the emission sources. -The data
base shduld prove particularly useful in view of the bilateral agreement

between the U.S. and Canada to tackle the problem of acid rain (EmBer,

1979). Because of its geographic position, Whiteface Moﬁntain
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as an elegant 'window' to study long-range transport of sulfate into the
northeastern United States‘from the industrial Midwest and/or the world's

largest Cu-Ni smelter at Sudbury, Ontario.

11.1 Experimental

Details on sample collection were discussed in Section 2.1,
those on total suspended particulate (TSP) and water-soluble soi" deter-
minations have been discussed in our previous artiéles (Appendices II

and VI).

11.1.1 Determination of trace elements by atomic absorption

spectrometry

Including the 6-h air samples collected during the period

‘of June 11 through June 25 (4 per day), about 400 air filters were collected
during 1979. Although instrumental neutron activation analysis (INAA) was
successfully used in our prev1ous study (Appendlces II and VI), the method
was impractical for such a large number of samples especially w1thout‘a
nearby neutron—irradiation4facility. Therefore, our existing analytical
facilities in Atomic Absorption Spectrophotometer (AAS) Instrumentation Lab.
Model IL-35 and Varian Model AAS (flame) anleerkin Elmer Model HGA2100
(flameless) were used for multi-element analysis of the air filters. Because
of lack of sensitivity and/or ﬁractical difficulties in AAS we were not able
to determine br, Mn, As, Se, Br,‘and Sb analyzed in our previous study
(Appendices II and VI). On the other hand, additional elements Mg, Al, Ca,
and Pb could be determined by AAS. The first 3 elements were of particular

interest since these were also included in the precipitation chemistry network
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(Benkovitz, 1980) besides fhe annual total deposition of Mg, K, Ca by rain
plays.an important role in the nutrient cycle.of certain ecosystems
(Allen et al., 1968). |

Sihce Volatilization;deposition (coﬁdensation) is the
accepted process for the presence of several trace elements from antﬁropo—
genic sources.in the atmospherié aerosols, it is iogical to consider losses
by voiatilization in the recovery of these elements from filter paper in
the iab for subsequént analysis. Aéhing the filter papér in a muffle
furnace at 550°C éntails losses of Vv 40-60% for elements like Zn, Cd; Sb,
Pb (Thompson et al., 1970). Because of relatively reduced losses (4-5%),
low-temperature ashing using Qxygén plasmé is récomﬁended (Harrisop,.l977).
Wet digestion of the aerosol-loaded filter paper with 3M BNO3 has- been
recommended by EPA (Long et al., 1979) for the determination of Pb. In
preliminary runs, both low-temperature ashing using oxygen plasma and wet

nitric acid digestion, were tested for the preparation of sample solution

- for analysis by AAS.

11.1.2 Low temperature ashing (LTA)

The Lab for Electronics (LFE) Corpofation Low Temperature
Asher Model 302 in which 2 samples can be ashed simultaneously, was used
in this work. About 50 cm2 of the filter paper was ashed-in a silica boat
in an oxygen plasma, with standard operating conditions of: Rf power 100
watts; O2 flow rate 200 cc/min; plasma chamber ﬁressure‘O.S—l mm and ashing
time 30-40 min. Completion of ashing was indicated by a change in the

color of the O2 plasma glow from an initial blue-grey to a clear purple red.
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After ashing, the residUe Qasbquantitétivély‘transferred
to a clean platinum dish with_i ml conc; HNO3 (J.T; Baker's ULTREX HNO3):
and 2-3 ml double-distilled water. About 2-3 drops of HF (48% v/v)

was addéd to the dish and the sélution was gently evaporated to dryness at
80°-90°c. The residue was dissolved in 1 ml conc. HNO3, warmed, diluted to
about 5 ml, qﬁantitatively transferrea to a 50-ml volumetric flask andbmade
up fo the mark with double—disxilled>watef. The eleﬁeﬁts Na, Mg, Al, K, Ca;
Fe and Zn were determined by AAS.

11.1.3 Wet nitric-acid digéstion (WND) '

Filter paper of known area‘was immersed in 3M HNO3 solu-

tion in a test-tube having a plastic screw—cap; The tube was placed in a
steam bath, heated for 30 min and then placed in an ultrasonic vibrator for
10 min. Aftér agiﬁation, it was pléced back in a steam bath and again heatgd
for 15 min. Pb content in the sample solutioﬁ was determiﬁed by AAS (flame
orAgraphiﬁe furnace). |

| ‘Reagent and filter paper/reagent blanks wefe also prepared
with each batch of sample solutién'prepared.

11.1.4 Comparison of results by LTA and WND

To check the reliability of the above methods, 5 air
filters previously analyzed by INAA (Appendix VI) were -analyzed using WND
and LTA methods. | |

Results in Table 3 show that K conceqtrations determined
by:the 3 methodé are in good agreement. In contrast, the N; values show
large variations. Considering that in the wet nitric-acid digesﬁion
procedure Na and K should behave alike, the disagreement in Na data by the

two methods (samples 2 and 5) as well as with INAA results (samples 1 and 4),
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suggest that the high scatter could either be due to different degfees of
external contamination and/or heterogéneous distribution of Na in ﬁhatman 41
filter paper. fhe filter paper blanks analyzed by INAA and AAS gave highly
scattered values of Na ranging from below detection limit of 5.80 ng/cm2

to 560 ng/cmz. Na concentration determined by INAA‘in two splits of samples
collecfed at High Poinf; N.J. on July-17 and 21, 1976 only agreed within
25-50% which is rather poor for Na (expected érecision for Na anaiysis
'ilIOZ or better) (Appendix VI). These results suggest that Whatman 41
filter paper is heterogeneously distributed with respect to Na. Thus,‘Na
values in aerosol studies using Whatman 41 filter paper may be unreliable.
The inconclusive factor analysis for Na in our previous work (Appendix. VI)
may be attributable to the above problems in Na determination.

Fe and Zn results by LTA and INAA are in reasonable
agreement except for Fe value of sample 1. The consistently low values of
Fe by WND presumably arise from partial adsorpﬁion of Fe3+ ions on filter
paper pulp which is inevitable in wet acid digestion and/or incapability
of nitric acid to open the silicate component 6f the aerosol in the absence
of HF. This is also reflected in the low values of Al by WND_relétive'to
that determined by LTA. In contradistinction, relatively high Zn values
by WND suggest contamination. The contamination was~tréced in the screw-

" cap lining of the test tube used in the WND. Analytical results kor Pb

by LTA are iﬁconsis;ent with those obtained by WND, recommgnded by EPA
(Long et al., 1979). The reason for low Pb by LTA is not clear. Pb,
therefore, was determined ?ia WND. Except for Pb, however, low-temperature

ashing yielded reliable results and was adopted in this work;
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11.1.5 System blank

Periodically during the course of.sample collection filter
papers were placed in the sampling chamber for 3 days without filtering air
through them. These filters were analyzed for trace elements and treated
as system blanks (SB). The results on 23 SB are given in Table 4. In
calcﬁlating the mean suspect values  (question marked) are omitted.

Included in this table are the concentrations on fresh Whatman 41 filter

_paper determined by Dams et al. (1972) using INAA. The concentrations of

Na, Al, K and Fe are systematically higher in SB compared to fresh filter
paper suggesting that SB were perhaps slightly 'soiled"during the 3-d

exposure to the turbulent air in the sampling chamber.

11.2 Daily, monthly and seasonal variations of sulfate, TSP and trace

metal concentrations

Thg daily cbncentrations of TSP, Na, Mg, Al, K, Ca, Fe, Zn,:Pb
and SOZ_ jons for the entire year of 1979 (after blank correction) are
presented‘in Table 5. On thirteen days no sample could be collected. This
is quite satisfactory in view of the severe weather conditions at Whiteface
Mountain. Starting with the winter aerosols of January and February,
analysis of Na, Mg, K, Ca and Zn were not done under optimum conditions.
Hence poorer detection limits have been assigned to these elements for the
2 winfer months.

Table 6 includes the monthly averages for the above 10 parameters,
the associated standard errors, number of samples (n) analyzed and number
of episodic (nEp) cases recorded per month. Since cases with soi* concen-
tration > 10 pg/m3 were not observed for January through March, November

and December, cases with v 5 ug/m3 and greater were arbitrarily chosen as

episodic. This value is considered adequate for the present discussion of
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seasonal trends. The monthly averages are plottea in Fig. 20. The verticai
bars correspond to one ¢ deviation of the means. Table 7 gives seasonal and
annual averages of the-lO_measured ﬁarameters. These values are plotted in
Fig. 21. Seasonal averages are shown by data points while annual averages
are indicated by broken lines. The 4 seasonal diviéions of the year started
with December (and not January). This was done because the monthly averages
“in Fig. 20 and Table 6 suggested that the seaéonal changes could be brought
out more conspicuously By such a division.

Figures 20 and 21 show that, with the exception of Na, the seasonal
changes in the distribution patterns of the remaiﬁing 9 parametérs are strik-
ingly similar. All of them exhibit peak concentration during summer months.
The deviation of Na may be ascribed to blank correction errors (filter
inhomogeneity) discussed earlier. This element was therefore excluded in
the discussion beléw. |

From the value of R, the ratio of seésdnal mean to annual mean,
given in Table 7, it can be seen that the concentration levels of TSP, Al,

K, Ca;‘Fe, Zn, Pb and soi_ are lowest in winter (0.3-0.6 times the annual
average) intermediate in spring and autumn (0.8-1.0 timesbthé annual average)
and highest'in summer (1.3-1.9 times the annual average).

Fig. 22 is a plqt of frequency of occurrence of epispdic events
(nEp) for respective months. The paﬁterﬁ more or less résembles those in
Fig. 20 and thus substantiates our earlier conclusions (Appendix VI) that
episodic events play a dominant role in the overall trace element distribﬁ—
tion patterns in aerosolé at Whiteface Mountain.

In view of the higher energy consumption of fossil fuel in winter

months for heatiﬁg purposes, the concentration levels and the frequency of
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occurrenées of episodic concentfétions (> 5 ug Soi—/mB) of this energy-
related soi_ pollutant is expected to be high in winter months. The
relatively loﬁ conéentration of SOi_ and infrgquent episodic events in
winter months thus seem surprising. Kleinman et al. (1973) also observed
suﬁmef maxima in the airborne trace metals and TSP measured in New York
City and attribute the seasonalbchanges to changes in dispersion factor;
low in summer and high in spring. The‘dispersién factor (DF) is the pro-
duct of morning‘mi%ing height and surface wind sbeed. Since we ére.dealing
with distant soﬁrces (see Appendices II and VI) two othér factors should

be considered: a) change in wind direction from thé industrial midwest

in summer to the north-northwestern regions of Canada in winter and b) more
effective scavenging at the source and/or sink (sampling site); the midwinter
snow cover precludes the reentraiﬁment.of the trace elements.

The observed seasonal profile for trace elements and 804— ions
may therefore be a net result of the changes iﬁ DF, transport patterns and
preeipitation deposition. It should, therefore, be interesting to study
the aistribution of elements and.ions in precipitation and dry deposition.
In this context we have made an interesting comparison on the soz" ion
concentration in aerosols and precipitation which is presehted in Section
12 of this report.

11.3 Sulfate as a Tracer for Local Aerosols

Before trace element;/ions concentration levels can be used to
check the effectiveness of control measures for pollﬁtants in air, it is
necessary to determine backgroﬁnd (local) levelsf Traqe elements in
tropospheric aerosols are derived from crustal materials (land and sea),

natural processes like volcanic activities and man's industrial activities.:
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OQur earlier attempt (Appendix VI) to determine background concentrations in
summer aerosols was unsuccessful due to the high.ffequency of épisodic
events at Whiteface Mountain. |

That beiﬁg the case, how does one recognize the background aerosols?
In our earlier study (Appendix VI), cases in which the recorded daily concen—
trations of soz" were > 10 ug/m3 were considered episodic. The high 802— »
concentrationé were generally accompanied by high concentrations of several
trace elements.‘ As a matter of fact using the above SOQ- concentration
level(s) as an index'for‘the out—of—sfate input into the background aerosols
at Whiteface Mountain, it was possible to identify 4 different man-made
sources for trace elements in air at the site. Likewise in conjunction

with 7Be, SOZ— has been suggested as a tropospheric tracer for studying

4
anthropogenic and stratbspheric components of observed O3 concentration in
the troposphere (Section 4)..

Since soz' in the troposphere results from the gas phaseFS
transformation viz S+SOZ+SO3+SOi_; be it natural (volcanic acFivity) or
anthropogenic (coal/oil burniﬂg) it is expected to be uniformly distributed
and may thus have a background concentration‘in aefosols. The reported
background SOZ_ concentration in ambient air over the central United States
is 0.2-0.4 ug/m3 (Kellogg et al., 1972). As a first approximation, we assume
this to be the backgréund concentration range of 804_ at Whiteface Moﬁntain
and utilize it to recognize background aerosols.

In Table 8 and Fig. 23 the mean concentrations of trace elements
on days with Soi_ concentrationl< 0.4 ug/m3 are coﬁpared with literature
values for background aerosols compiled by Cawse (1974). Column 6 of this

table gives the minimum concentration of elements empirically determined

from their respective enrichment—factor‘diagrams constructed by Rahn (1976).
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In this gmpirical determination only continental aerosols were -considered.
Since the values were read out from Rahn's (1976) enrichment factor diagrams
only. approximate values could be derived. In the case of Sc, Cr, Mn, As,
Se, Br and Cs (which were not determined in the present work) the mean of

2 measurements on July 5, 1975 and.July 27, 1977 in which the SOA— conceﬁ-
ﬁrations was Vv 0.4 ug/m3 are shown (Appendix VI).

The elemental baékground concentration levels calculated for
Whiteface Mountain are in reasonable agreement with those listed by Cawse
(1974) for backgrodnd aerosolé for three diffefent regions of the world
(Table 8 and Fig. 23).' However, the background Pb concentrations at Whiﬁe—
face Mountain are éboﬁt 4 times lower than those observed at Lerwick. It
should be iﬁteresﬁing to note that Br also shows wide‘variability at different
sites. The levels of these two elements in ambient air are appreciably
influenced by highly localized factor in automotive exhaust (Appendix VI;
King et al., 1976).

If one compares the values in column 2 with the empirically
determined minimum concentration levels in column 6 (Table 8), one finds
that the concentration levels of non-enriched elements like Mg, K, Cé, Sc,
Fe and Cs (which are mostly present in the crustal derived component of the
aerosols) match well. However, the enriched elements Cr, Zn, As, and Se
‘are higher in the background aeroéols-at Whiteface Mountain. The close
agreement in the background concentration levels of Cr, Zn, As, Se and Br
in aerosolg from N.W. Canada with the empirical background levels is not
surprising because the lowest values in' the enrichment factor diagrams of
Rahn (1976) for theseAeleﬁents happen to be fqr these very regions (Ft.

Smith, N.W. Territories, Jasper (Alberta, (Saskatchewan) and Prince Albert
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National Park Canada). The high levels for the enriched elements_perhaps
reflect on the regional effects. 1In relation to man's industrial activity,

Whiteface Mountain is certainly not as remote as the N.W. Territories and

-Saskatchewan. Thus, altﬁough there is a general chemical uniformity in

the elemental distribution in background aefosols of the different regions
of the globe, subfle differences especially with respect to the enriched
elementé are not surprising.

In coiumn 7, Table 8 and Fig. 23 we show probable ranées of seven
trace element concentrations in background aerosols at Whiteface Mountain.

These are the elements for which a statistically significant number of data

~points are available for calculation of their background concentration

levels.

12. COMPARISON OF SULFATE IN AEROSOLS AND SULFATE IN PRECIPITATION 4

The acid rain problem in northeastern United States has led to extensive
investigation ofASOE_ in the environment (Altshuller, 1973, 1976; Hornbeck
et al., 1977; Pack, 1978, 1980; Izard and Jacobson, 1979; Likens et al., 1979).
It has been suggested that high concentrations'of_SO§_>in the atmosphere
are from out-of-state, being transportéd over long distances by high pressure
systems; the emission sources lie S-SW (Ohio Valley regions) of NY State
(Galvin et al., 1978; Samson, 1978). The acid precipitation affecting the .
NE region is chemically and meteorologically relatgd to accumulatiqn and
scavenging precipitation of these pollutants.(Wolff g£_él,, 1979B).

No quantitative description of a source-to-sink model for anthropogenic

'S has yet been developed. Such quantification is essential to building up

proper air pollution control strategy for sulfur. The Multi-State Atmospheric




Power P;oduction Pollution Study (MAP3S) and Electric Power Research Institute
(EPRI) programs have established trénds of spatial and temporal distribution
of several energy related pollutants including 804_ (Pack, 1978, 1980;

Dana, 1979). Howevef, although airborne SOZ- has been recognized the chief
immediate precursor to soz‘ in precipitation, the two networks cénfine the
study to precipitation only (Pack, 1986), thus leaving a gap in our knowledge
on ﬁhe link between precipitation and atmospheric chemistr& of SOi_. In

this section, we discuss the relationship beﬁween soi” in aerosols and

precipitation at Whiteface Mountain.

- 12.1 Temporal Variation of Sulfate in Atmospheric Aerosols and

Precipitation

The distribution patterns'of SOi_ concentration reported by Pack
(1978) in precipitation events from several eastern United States sites for
1976-77 are reproduced in Fig. 24a. In this plot monthly weighted ion con-
centration (WIC), defined below, of SOZ— are plotted against corresponding

months.

Weighted ion concentration for any given month is calculated as

I ion concentration x individual sample volume
Total monthly sample volume

WIC =

WIC was found to be highly correlated between the sites studied (max. dis-
tance between any two sites ~ 750 km) from which Pack (1978) concluded that

S0, and SO2

9 4— are well mixed over the eastern U.S. It is interesting to

note the temporal distribution of 304_ concentration in atmospheric particu-
lates (Fig. 20) and atmospheric precipitation (Fig. 24a) more or less

exhibit the same trend. It may be argued that this could be an artifact

from considering events of two different years. To remove this uncertainty
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we éaléulated the WiC for SO4 in precipitatiqn events of 1979 at Whiteface
Mountain (Fig. 24b). The data was made available by courtesy of Carmen
Benkovitz (1980) from the MAP3S data bank. The MAP3S éamplé collection site
and our éampling site are situated at two different heights, the former at
“an altitude of 0.64 km'wﬁiie latter at 1.5 km above mean sea level. We are
awére of thevfact that the WIC values.at 0.64 km and 1;5.km for any giveﬁ
period could be different. Nonetheless, we do not expect drastic differences
in the ;rends of temporal variations in WIC. In any case the WIC values
used in this preliminary report will be correctéd as and.when the precipité—
tion data at our sampling site become available. We once again find broad
simila;ifies in the WIC pattern (Fig. 24b) and air particulate soi" pattern
(Fig. 20) of 1979.

In Fig. 25 the monthly WIC for'Soz_'in the precipitation (ppt)
events recorded at Whiteface Mountain (MAPBS'data) were plotted against
_corresponding monthly averages of SOA— in the air particulates at our
sampling site. Good correlation can be seen between the quaﬁtities (504)2—ppt
and (304)2~air with correlation coefficient (r)_of 0.75. The data point
for the month of October de?iafes substantially from the other points and
was not included in'the regression analysis. The reason for this is not
clear at this point. The washout ratio for SOi_ (defined as the ratio of
the concentration per unit mass of rain to the concentration ﬁer unit méss
of air) calculated from the regression coefficients (Fig. 25) turns out to
be 450, using an air density of 1.2 g/1. The air volumes in our sampling

set up are normalized to STP. Garland (1978) obtained washout ratios of

1320 and 920 at two sites in U.K. Our value is half as much and suggest less

efficient condensation and scavenging. However, we refrain from making any
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conclusions on the low washout ratio since the value may have to be revised
as and when precipitation data at Whiteface Mountain are made available.
The relationship between SOZ_ in aerosols and precipitation (Fig. 25) can
be readily e#plained by considering the fate of S compounds dﬁring
transp6rtation—atmospheric deposition. |

12.2 Transportation-Deposition of Anthropogenic.Sulfur

In the long-range transport of S ;ompounds from emission sources
to remote sites like Whiteface Mountain, ;he reduced forms of S compounds
like HZS’ dimethyl sulfide, methyl mercaptans are oxidized to'SO2 and soz"
so that in the ambient air at this site one expects essentially 802 and 804_
as the most likely species. The total particulate S (TPS) at this site
could best be correlated to water soiuble S (WSS) by a linear regression
(see Appendix V) [WSS] = 0.95 [TPS] - 0.16 (r = 0.97) where [WSS] and [TPS]
are in ug/m3 air.

The regression coefficients indicateAthat for TPS > l'ug/m3,
(which was the lowest monthly aQerége recorded in 1979) > 80% of the TPS is'
present as WSS. The next duéstion is whether gaseous SOz‘or particulate

‘air or both relate to the SO4 in rain.

SO in air is mostly present as NH4H804 and (NH4)2804] in ambient

Relationship between SO2 and 502_ in ambient air at this site
has not been investigated. In plumes'downWind of coal-fired sources, SO2
to SO4

‘urban sites this ratio drops down to about 1 indicating progressive oxida-

2- ratios are usually 50-100 to 1 (Altshuller, 1976). At eastern non-

tion of S0, to soz" during transport (Altshuller, 1976). In-situ s0,

measurements have been made at Whiteface Mountain by EPRI under SURE prqject

(Sﬁlfate Regional Expefiment) during 1979. However, the data is not
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currently available to us. Hence, based on.the ratio observed at eastern

non—-urban site (Altshuller, 1976), at Whiteface Mountain a ratio of 1:1 for

2—
SO, to SO, may be assumed. In his study on dry and wet removal of S from

2 4
the atmosphere, Garland (1978) concluded that half of the 802 in the atmosphereA

is removed by 'dry deposition', the remainder is oxidized to 802— and

: . - . . . . 2-
removed in precipitation. This means that relative to particulate SO4

9 would contribute at most about 25% to the observed SO4 in
precipitations at Whiteface Mountain. Good correlation between [804]12:;in -

gaseous SO

2- 2—
[Soélair (r = 0.62 and 0.68) and poor between [So4lrain - [SOZ]air
(r = 0.19 and 0.03) -observed by Garland (1978) at two different stations
in the U.S. suggests that S compounds in rain originate mainly from Sdz—

. 2- . . .. .
aerosols. The good correlation between SO4 concentrations in precipitation

and aerosols shown in Fig. 25 is consistent with- the results of Garland (1978).

13. DETERMINATION OF TOTAL PARTICULATE SULFUR BY PYROLYSIS MICROCOULOMETRY
Total particulate sulfur (TPS) in air samples can be determined by a
new'technidue based on thermal volatilization at 1OOOOC, followed by céntrolled

oxidation of Sulfur'compounds to 802 and coulometric titration of SO2 with
iodine. Calibration curves are.linear within 5% from 0.1 to 10 ug S, the.
detection limit is 0.10 ug S (equivalent to 35 ng S/m‘_3 when 2000 m3 of air
are filtered), and the relative standard deviation (n = 10) are 48 and 5.1%

at the 0.10 and 4.0 ug S levels. kecoveries for 20 organic and inorganic
compounds, includiﬁg refractory sulfates, elemental sulfur, sulfides, sulfites;
sulfonates, and sulfones, vary fromv79 to 88%. No interferences are observed
for a numberlof noﬁ-sulfur—conﬁaining compounds, including nitrates, benzene,

acetone, glucose, cellulose, silicates and carbonates. The technique has
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been used to determine the presence of non-sulfates and of non—water—éoluble
sulfates in suspended éarticulates. Both TPS, using this technique, and
water—soluble sulfate (WSS), using the methyl.thymoi blue ﬁethod, were
determineéd in daily air particulate samples collected at Whiteface Mountain,
N.Y. during both winter aﬁd summer. Cbmparison of TPS and WSS values showed
that WSS.could‘usually account for all of the sulfur present in the samples.
bccassionally during the summer months, however, eleyated T?S values indi-
cated the presence of sulfur in excess of the WSS value.l The.TPS concentra—l
tions>ranged frombo.l to 9.7 ug S/m_3 and the contribution from acid-soluble
sulfites and sulfides, elemental sulfur and volatile S—containinglofganic
compoun&s was negligible (< 0.5 ug S/m_3).

A paper on this subject has been submitted for publication to

Atmospheric Environment. A preprint is attached as Appendix V.
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and the U.S. Department of Energy, New Haven, CT, October 1-2, 1979.

L. Husain, V.A. Dutkiewicz and A. Rusheed, Origin of Tropospheric
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Assembly, Canberra, Australia, December 2-15, 1979.
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Tropospheric Exchange in the Northern and Southern Hemispheres,
Internatioanl Symposium on Middle Atmosphere Dynamics and Transport,
University of Illinois, Urbana, IL, July 28-August 1, 1980.

V.A. Dutkiewicz, L. Husain and A. Rusheed, Stratospheric Ozone in the
Planetary Boundary Layer, Quadrennial International Ozone Symposium,
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Aerosols in Pyrolysis-Microcoulometry. Accepted for presentation at the
Second Chemical Congress of the North American Continent, San Francisco,

_CA, August 24-29, 1980

P. Parekh and L. Husain, Summertime Episodic Concentration of Trace
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Table 1. Daily Ozone, 7Be, 32P and 33P Concentrations
Measured at Whiteface Mountain, NY

7
Date Ozone 7Bea 32pb 33pc Z§§_ 655
C(ppb)  (fCi/md)  (fCi/md)  (fci/md) P 3
(fCi/m3/ppbv)
June 1. 40 - 30 _ 0.9
- (1978) -2 74 150 2.9 4.5 51 2.0
3 45 : ) -
4 40 205 3.1 1.6 65 5.1
5 43 205 - <1.8 4.7
6 48 295 3.6 3.4 82 6.2
7 o 75 1.0d 75
8 62 45 0.5€ 90 0.7
9 50
10 43 260 1.8d 140 6.0
11 84 230 - 4.0d 58 2.8
12 77 230 ' 3.0
13 39 20 <0.4 0.5
14 34 110 <0.4 3.2
15 45 190 1.1¢ 170 4.2
16 44 185 1.9 2.3 98 4.2
17 80 150 3.9 1.3 38 1.8
18 - 74 110 2.9 1.3 38 . 1.5
19 58 60 1.1
20 42 180 2.3 1.7 77 4.2
21 67 230 5.2 4.2 44 3.4
22 55
23 37 110 2.7 41 3.0
24 40 235 1.08 230 5.8
25 . 45 180 4.1 43 3.9
26 83 150 2.8 4.9 53 1.8
27 68 150 3.04 1.8 51 2.2
28 51 120 1.3¢ 2.0 91 2.3
29 41 105 0.5€ 130 2.6
July 1
2 d
3 59 225 3.0 117 3.8
4
5 - d
6 75 200 3.0 67 2.7
7 88 185 2.5 1.5 74 2.1
8 88 215 3.1 70 2.4
9 56 45 1.6d 27 0.8
10 49 95 1.1d 85 1.9
11 26 . 50 <0.7 1.8
12 35 195 2.4 1.5 82 5.6
13 59 235 4.0 3.2 59 4.0
14 71 160 3.6 2.7 45 2.3
15 71 145 3.0 3.1 49 2.0
16 77 170 3.4 50 2.2
17 50 125 2.1d 2.9 59 2.5
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Table Con't

3 7Be as well as 32p and<?3P concentrations were measu;ed midnight to -
midnight during 1978 and noon to noon during 1979. ‘Be uncertainties
"at the 95% confidence level (3 sigma) are generally < % 10% (see
figure ). :

I@proved data reduction techniques have changed some of the 32P and
33p concentrations reported for June 1 - August 15, 1978 in the
previous report. The data reported here should supercede any pre-
viously reported results. Uncertainties at the 95% conficence level
(2 sigma) are < * 15% unless otherwise shown. '

Due to low specific activity and counting efficiency for the 33P
soft betas (Emax = 248 Kev) the uncertainties are often > * 30%
(see figure ). Therefore, it is advised that this data be used
with appropriate care. . : '

Uncertainty, + 15 to + 30%.

Uncertéinty, > + 30%.



Table 2. Summary of 7Be aﬁd

908r Concentrations Measured on GASP Filters

7

90

Exposure Altitude Latitude. 04 Be 3 ' Sré
date (km) (°N) (ppbv) (fCi/m7) (fCci/m™)
October 6 10.1 48-45 <380
(1977) 9 11.9 26-35 920+300
12 11.3 28-18 <420
15 10.1 11-18 <350
18 10.1 42-50 4800+480
- 21 10.7 34-27 136 2300+270 3245
24 10.9% 41-48 259 6400+750
- November 11 11.3 39-42 50 1300+200
14 . 11.3% 33-28 87 1700+200
January 6 11.1 37-34 59 <590
(1978) 9 10.1 52-55 276 7300+580 270+15
: 9 - 10.1 36-35 368 5300+800 . 275+30
15 11.3 42-41 - 189 3700+400 90+17
18 12.2 ©22-25 - 57 <1000
21 11.3 35-40 157%% - 4000+200 150+9
24, 10.8%* 23-31 135 990+120
February 17 10.8 42~43 384%% 5400+250 290+15
March 7 11.0 37-32 29 <360 <14
10 11.0 37-35 29%* 980+250 <28
12 10.5% - 24=27 35%% - <470 40+26
16 10.8%* - 22-29 o T1x* 710+200 15+10
16 10.4 54-56 6900+350 320+16
19 10.0 36-35 89 <1300 <85
20 10.7% 25-22 97%% <590 - <60
April 18 11.7%* 41-38 526 5300+300 290+30 .
: 22 11.0 37-32 61 <360 13+9
23 11.3 38-42 236 2300+250 100+10
25 11.3 23-31 91 180+100 19+10
28 11.0 37-32 79 260+150 11+8
29 11.0%* 34-38 142%%* 2000+200 125+25
May 18 10.4%* 36-25 32 580+170 40+7
18 11.6 21-28 104 520+150 45+10
24 11.3 38-42 341 4300+430 13549
27 11.4% 38-42 277 .2600+300 85+7
30 11.3- 23-31 63 340+100. 30+14
June 8 11.3 22-29 - 43 <240 12+6
11 11.9 40-41 70 630+190 . 10+7
14 - 11.3% .41 130 1100+130 26t4
17 10.1 . 22-32 82 <300
17 10.7 38-35 432 ©5000+350 165+17 -
20 11.3% - 40-41 140 980+500 <27



Table 2 (Con't)

July 29 10.1 52 255 . 4500+280
(1978) « :
August 1 11.0% 40-32: 91 ~ 750+160 <24
4 9.8 34-29 58 <150 :
September 15 10.0 11-16 - 28 <180 13+6
21 11.3 38-42 - 82 1100+230 <15
27 11.3. 22-29 31 <120 <15
30 11.3 44-40 94 840+240 12+9
October 3 10.3 51-54 79 - 460+120 <12
- 3 11.3 22-28 51 500+300 <30 -
6 9.8 52 105 1300+130 . 1345
6. 11.3 25-32 . 56 320+180 - <17
6 11.3 32-35 54 <340 <30
6 11.3 35-36 55 © <1600 <60
9 10.1 50-53 55 360+160 <26
9 11.8% 34-36 104 1100+170 23+12
| 12 11.2 34-37 48 <670 <35
; ~ 12 ©10.1 52-54 76 1100+270 19+16
| 15 10.7 34-28 39 <280 <13
| 21 10.1 49-60 95 1600+200 22+6
27 11.9 41-42 - 103 1400+480 20+18
27 11.9 42-41 82 1600+550 <25
27 11.9 - 41-39 97 930+600 <25
. 27 11.9 39-39 44 : <460 <29
- 30 11.2 25-29 28 <300
30 11.2 29-33 67 <480
November 8 11.0 '37-30 36 400+200 <15
11 11.6% 40-39 30 <180 <18
December 5 11.3° 36-40 40 - <240
5 11.3 40-42 50 220+110 A
17 11.0 37-32 151 - 1900+150 2347
23 11.3 33-36 100 ~ 1000+190 © 30+24
| 23 11.6 25-30 61 . 840+230 <40
| 29 11.3 34-38 208 3100+320 <35
29 11:3 38-40 178 2400+240 <40
29 11.3 40-41 - 200 2300+340 <40
January 9 11.1 42-41 517 6400+1300° <240
| (1979) 18 - 11.3 25-29 72 590+210 18+11
i 18 11.6% 29-32 99 1100+290 32+21
: 18 11.9 32-35 + 130 '2200+260 33+10
1 18 11.9° 35-36 214 3600+1400 110+70
| 21 11.3 40-42 60 650+65 <35
| : February 8 ~ 11.3 37-40 154 1600+160 40+16
| 4 27 11.8%

37-35 666 4800+720 110+75




Table 2 (Con't)

41-39 40%%* <400

June 4 11.9 <

4 11.9 38-36 60*** 520+100

4 11.9 36-33 65%** 170+60 :

5 11.9 32-28 122%*% 800+180 . 12+9

5 11.9 28-24 62%**  300+100 <13

10 11.6 24-28 AL L <200 .

10 '11.6 29-31 37 %% 200+170

10 11.6 31-33 | 39%%%  © 150+90

13 11.3. 42-41 520 . 51004570 80+60

15 11.3 34-31 72 200+60 <13

15 11.3 31-27 69 150+70 ,

24 11.3 37-41 114 ~ 510+140 <15

24 11.3 41-42 o127 850+200 10+8

24 11.3 42 375 - 2500+470 57+14
3 37-39 42 <300 <18

29 . 11.

*Average altitude.

. *%Q. estimated from measurements in passenger cabin with corrections for O3
dé@struction in the cabin and during compression, uncertainty +207%.

***%Pressurization pump inoperative O3 corrected for low pressure uncertainty
+12 ppbv. : ' ’



Table 3. Analysis of 5 Samples of Air Filters from High Péint, N.J. by
i) LTA/AAS, ii) WND/AAS and iii) INAA

Ser. Collection A ) Concentration (ng/m3 air)

No. Date » Na K Fe Zn Pb = Al
1 7/20/76 i) 127 190 . 697 (D) 327 124 932
ii) 106 148 359 412 124 —_—
iii) 203 - 254 (187) 464 297 —— -

2 7/21/76 i) - 85 148 .359 412 . 83 414
ii) 211 148 169 539 124 124
iii) 101 144 429 382 — -
3 7/22/76 i) 232 190 330 61 - 104 414
ii) 211 148 232 74 166 . 103
iii) 258 187 . 342 62 ' - ———

4 7/23/76 - i) 444 106 192 55 145 248
S “ii) 401 106 120 . 120 A 186 <103
_ iii) 295 101 (113) 163 27 (51) —_— -—

5. 7/24/76 i) 29 85 192 - 23 62 228
' ' ii) 127 108 114 42 124 <103
iii) 40 79 (127) -194 24 (30) - —_— -

*The values in parenthesis by Rahn using INAA (private communication).
LTA - Low Temperature Ashing

WND Wet Nitric acid Digestion

INAA - Instrumental Neutron Activation Analysis




Table 4. Elemental Concentrations in System B]anks('a (Hhatman 41 Filter Paper)

Concentration (ng/cmz)

Ser. E '

No. Na Mg Al K Ca Fe - In Pb

1 250 30 50 30 100 50 20 ‘5
2 320 . 40 80 60 130 60 30 5
3 330 40 80 62 250 60 ND 10
4 330 . - 30 60 110 290 90 ND 10
5 ND . 36 50 270? 4507 50 20 10
6 ND <5 6407 90 370 70 20 10
7 . 300 20 50 60 240 50 10 10
- 8 - 390 1807 140 . 2207 190 70 1807 10
9 5407 40 160 130 230 80 30 10
10 370 100? 420? a0 4507 170? 20 10
11 310 30 60 70 100 60 20 10
12 360 40 90 90 180 70 20 20
13 ND 4 5 750? 150 100 70 30 10
14 420 80 2907 610? 330 2807 50 1007
15 7807 40 90 6607 240 50 60 20
16 ' 7407 8 2807 110 150 50 20 230?
17 410 31 50 87 100 70 20 10
18 , 360 8 130 - -60 ND 50 ND 10
19 ND ND 50 ND ND 50 ND 10
20 ND ND 60 ND ND 50 30 10
21 310 30 50 110 130 <50 20 10
22 390 - 30 50, 150 100 <50 20 10
- 23 : 340 - 20 60 130 100 50 ND 10
mean ng/cm?  (this work) 346 31 76 94 185 61 26 11
(¢ 1lo) * . 44 16 34 33 85 12 12 3
(reported) 150 <80 12 15 140 40 <25 —_

?

@For definition of system blank see text
*Dams et al. (1972).

ND Not determined

Suspect values omitted in mean calculations




Table §. Daily Concentrations of TSP; Na, Mg, A1, K, Ca, Fe, Zn, Pb and SO

2.

in Air Particulates at Whiteface Mountain, New York 4
_ Concentration (ng/m3d) >
TSP Z
Date (x103) Na Mg Al K CQ Fe n Pb 504
January* 1 s
(1979) 2 NS
A K NS :
4 ND <70 <40 196 54 <80 38 <14 11 1000
5 ND 140 - <40 132 112 <80 59 ~8 17 1650
6 NS . ' :
7 NS
8 NS
9 NS ‘
10 9.1 <90 <40 104 37 <80 41 <16 - 26 1650
1 16.5 = <80 <40 a 32 <80 16 <16 <3 300
12 27.4 <82 <40 40 <17 <80 13 <16 13 5700
13 19.3 - <80 <40 68 <16 <80 10 <16 <3 1650
14 22.4 ' o -
15 26.6 - <75 <40 222 - 58 <80 105 18 29 3000
16 12.5 <75 <40 90 <15 <80 18 <15 9 <200
17 6.9 90 - <40 78 <15 <80 17 <15 300
18 18.8 <53 - <40 293 27 <80 40 8 53 3400
19 26.9 <71 <40 74 <14 <80 ~6 <14 <3 <200
20 NS
21 21.8 <60 <40 39 98 <80 <12 <12 <3 <200
.22 18.7 <60 <40 57 25 <80 <12 <12 5 300
23 33.5 <86 <40 51 <17 <80 21 <17 7 1500
24 39.2 <62 <40 - 126 <12 - <80 <12 <12 7 1000
25 29.6 <64 <40 41 26 <80 <12 <12 <3 . <200
26 26.3 <64 - <40 17 <17 <80 <12 <12 <3 400
27 20.4 <68 <40 19 <14 <80 <12 <12 <3 300
28 21.0 ND ND ~ND ND - <80 ND ND <3 <200
29 19.4 <64 <40 15 <13 <80 <13 <13 <3 <200
30 7.8 .70 - <40 17 <17 <80 <17 <17 <200
31 7.3 <123 <40 <25 <25 <25 <200 -

<80




Table 5 (Con't) - : 4 ‘ 2.

TSP Na Mg Al K Ca Fe In Pb 504
February* 1 5.4 104 <40 <105 <11 - <80 <10 - 19 <21 <200
(1979 2 .3 <41 <40 <102 - <10 <80 <12 18 <20 <200

3 .5 <41 <40 <127 25 <80 <13 <13 <25 <200
4 .8 <39 <40 <98 20 <80 <12 <12 <20 3350
5 .6 154 <40 <128 51 <80 <10 <13 <26 400
6 i 136 <40 16 <12. <80 <14 <12 <23 700
7 4 214 <40 <152 - 31 <80 <21 <15 <30 450
- 8 .2 54 <40 <135 <14 <80 <16 =~ <14 <27 <200
.0 54 <40 <135 <14 <80 16 16 <3 <200
.4 86 <40 21 <11 <80 24 41 =2 <200
.4 - 280 <40 .32 <20 <80 <20 <10 <2 <200
.5 136 <40 20 23 <80 14 <6 9 -~ 1300
.0 191 <40 24 24 <80 31 <6 3 350
4 335 <40 24 19 <80 13 <5 <2 350
7 178 <40 31 <13 - <80 10 <7 <3 850
.2 301 <40 46 23 <80 33 <6 5 1350
.3 131 <40 35 22 <80 15 = <5 7 1000
.9 86 <40 26 21 <80 17 <5 =2 950
1 251 . <40 60 <25 <80 15 <12 5 2200
.3 102 <40 27 20 <80 14 <6 12 - 4600
.3 110 <40 86 44 155 38 9 22 6300
A 103 <40 44 26 <80 75 <7 18 7300
.9 223 <40 60 25 223 27 =5 15 3250
.5 - 149 <40 - 45 43 149 26 <5 9 3650
.6 <76 <40 49 <15 <80 <7 <7 - 19 3600
.2 <67 <40 45 27 267 <7 <7 4 350
i <60 <40 95 30 387 21 <8 36 ND
.3 <59 . <40 62 29 352 29 <7 37 2000

NS | '

.55.1 . 100 -3 20 14 163 <6 1 - 67 7350

67.8 161 43 102 56 351 35 11 32 4650

42.6 123 18 49 38 206 13 3 9 1650

50.2 . 94 3 19 19 200 <7 -3 11 350

29.6 53 11 4] 24 96 14 10 34 8200

23:0 o 68 7 41 35 na .14 .8 ... 37 . 850




Table 5 (Con't)

TSP - Na Mg Al K Ca
March 8 25.5 43 10 23 31 47
(1979) 9 .16.0 82 11 47 17 68
10 7.3 167 6 24 19 70
11 4.6 149 17 34 17 58
12 1.4 136 32 21 25 126
13 ND 100 25 51 49 99
14 2.8 - 46 14 54 36 ND
15 3.5 94 21 24 42 81
16 ND 9% - 20 30 49 63
17 - ND 211 23 33 35 80
19 ND 146 27 32 iy 118
19 7.6 139 25 99 101 154
20 4.4 ND 28 76 41 149
21 6.8 123 24 20 20 57
. 22 2.2 - 114 43 157 102 152
23 24.7 - 326 106 282 134 272
24 24.4 468 89 189 128 183
25 22.0 60 28 36 72 ND
- 26 - 58.3 114 20 89 56 93
27 22.6 75 23 63 51 187
28 25.5 45 29 126 46 135
29 31.2 72 12 31 59 37
30 ND 29 ~2 32 <7 <16
31 13.8 <46 <18 20 <9 <46
April 1 NS

2 9.3 115 <2 43 72 <16
3 4.1 67 31 -80 64 - 67
4 - 7.6 94 26 212~ 84 118
5 5.7 89 17 129 . 79 39
6 10.7 34 10 171 32 48
7 3.9 41 16 ND 16 57
8 6.0 58 36 109 38 95

9 NS ‘
10 7.8 111 24 132 37 75
11 6.3 137 25 98 45 128

-—
~ B OPHPAANONO

— —



Table 5

April
(1979)

May

(Con't)

12

O~ O FRNOPRPOVOWPRROWPRE

CTOOMNOPMOUITONNONANUT—=O WO

218

532

63
629
283

153
129

49 149
40 116
53 191
22 52
24 48
37 n7
68 302
130 487
117 528
201 394
118 148
99 504
a7 725
299 .189
130 242
20 <16
65 45
88 120
86 233
66 94
N5 142
1m0 141
28 68
107 165
161 259
N5 752
20 -18
360 401
29 <16
568 411
203 144
69 107
103 227
92 103

bt

101

1M

136

62
93
51
10
41
77

8

A2_‘
SO4
850
950
4050
2800
1900
1850 .
1550
1450

. 1200
2650
9450
2090
8300

* 19200
6350
<200
3750
9100
6550

1950
2600
4550
1900
2000
2050
. 8000
650
14500
1500
16200
5850
1450
6750
8300




Table 5 (Con't)

‘ , B May
(1979)

June**

—d
QOUOOEONOTPRWN —

11/1
11/2
11/3
12/1
12/2

" 12/3

12/4
13/1
13/2
13/3
13/4

— O WONOOUT— 0O WW~O0OOWMNVWOONOTOINW

Ca

<16
107

125
179
131

204

238

304
159

<28

<25
<35
<30

57

15
86
304

124

185

2-

S0,
- 1600

3200
900
600

4400

3200

2400

11300
300
300

2050

1450

5000

11000

2950

6700

5550
12800
7000
9000
31600
900
8700
9700
26100
11400
<200

<200

<200
<200

<200 -

<200
<200
<200
<200
<200
<200




Table 5 (Con't)

June
(1979)

14/1

14/2
14/3
14/4
15/1
15/2

15/3

15/4
16/1
16/2
16/3
16/4
17/1
17/2
17/3
17/4
18/1
18/2
18/3
18/4
19/1
19/2
19/3
19/4
20/1

20/2.

20/3
20/4
21/1
21/2
21/3
21/4
22/1
22/2
22/3
22/4

TSP Na
ND 223
ND 221
ND 356
ND 465
ND 255
ND 281
ND 395
ND 903
ND . 365
ND 313
ND 300
ND 363
ND 366
ND 456 -
ND 428
ND 225
ND 298
ND 248

~ND 364

D 311
ND 444
ND 322
ND 409
ND - 337
ND 406
ND 355
ND 340
ND 230
ND 244
ND 371
ND . 369
ND 290
ND 540
ND 505
ND 286

ND 253

Al

134 .

125
113
333
717
935
842
938
1072
1625
720
907
911
940
657
417
709
261
239
357
232
244
292
116
616

. 467

469
322
500
525
500
385
628
403
317
167

129

Ca

129
173

218

427
383
555
505
593
772
818
375
480
512
932

437 .

239
374

332
254
224
358
552
504
459
201
218
147
359
346
231
286
319
212
151

87

502"

<200
<200
<200
1200
19100
22200
29600
19900
24400
18600 -
4800
24100
29200
26400
31300
34100
32600 -
4650
<200
<200
<200
<200
<200
<200
<200
<200
<200
<200
<200
2350
2400
5700
9000
4700
14300
5800




Table 5 (Con't)

June
(1979)

July

23/1
23/2
23/3
23/4

- 24/

24/2

24/3
24/2

25/1

- 25/2

e e od d ot o b ) .
O~NOTOPWN—0OWO~NO TR WN

6:~4c>a:uw—a—auwcw<4a>c>¢>

Al

148
138
190
12747
113

170
147
194
179
179
283

357 .

148
157
43

68
105
.52

120
161
309
655
388
133
205
347
471
109

119
155

Ca

82
149

"~ 138

203
118

82
66
m
62
162
180
376

87
<16

Fe

<28
<27
<25
<29
<24
<17
<28
167
<26
<24

196
268

107
14

28
19
50

206
269
196

94
139

159

228
81
55

102

120

Pb

O ~N0OO OO ~NOTO

SO

<200
<200
<200
<200
<200
<200
<200
<200
<200
<200
300
860
1940
10200
16800
5560

4060
300
300

900
1150
5000

12700
20100
23800
16300
5900
16000
11100
3200
3250
1750



Table 5 (Con't)

‘ o July
(1979)

August

19
20

132

oW W

6200
34500
14500
18700
23000

9850

8520

10000

1450
9150
7850
11900
6500

3550
3800
16500
2900
1400
600
900
1750
850
- 300
600
300
2050
300
<200
300
5400
2950
8400
7600
850
5950



Table 5 (Con't)

| TSP Na Mg Al K Ca Fe n . Pb .soﬁ
August 23 42.3 63 28 86 58 99 65 5  ND 6950
(1079) 24 36.8 65 7 22 55 97 10 7 20 7250
25 25.6 14 .2 1 < 23 -6 2 2 800
26 43.8 33 19 50 34 86 36 7 5 - 8100
27 10.3 61 30 59 60 168 10 3 24 4200
28 54.4 35 22 58 19 . 118 89 23 5 5450 .
29 10.4 30 5 28 30 21 21 119 3550
30 39.1 10 18 59 . 44 66 40 7 14 3300
31 33.9 30 14 44 30 68 21 2 10 1700
September 1 52.5 g0 . 47 - 12 118 100 % 35 2 . 6050
2 1.2 52 13 a1 27 21 37 7 5 9550
3 33.7 22 n 37 200 39 16 20 9 3850
. 26.0 78 322 116 49 g - 70 23 20 5700
5 441 210 153 1025 429 173 396 21 37 10100
6 15.8 65 8 36 78 4] 12 7 5 1100
7 32.5 " 187 27 61 73 a6 . 37 2 10N
8 28.8 250 3 123 61 56 M <2 n 300
9 33.8 06 31 110 . 50 75 69 -2 19 1900
10 32.9 118 1 103 47 27 45 2 9 2200
1 130.4 56 5 '35 14 <16 1 <2 5 300
12 38.4 8 35 150 87 100 . 83 14 18 1900°
13 42.5 148 - 61 230 9% 177 153+ 21 23 3050
14 23.4 9] 6 67 12 <16 14 2 5 300
15 26. 4 62 4 30 9 - <16 n. < 5 1900
16 36.5 120 50 103 86 114 98 10 25 4350
17 24.8 m 65 174 125 89 139 - 32 23 11900
18 . 36.8 175 47 219 62 145 133 10 12 5900
19 25.3 139 52 179 36 168 70 <2 7 300
20 © 42.8 99 95 100 175 345 200 25 44 5750
21 ND 224 0 206 126 108 125 17 59 ND
22 31.5 1859 <2 ND 62 53 54 4 13 800
23 21.6 348 <2 - 18] 30 12 26 -2 9 300
24 20.1 - 91 34 147 7 115 9% N 46 1100

25 - 30.0 96 59 234 129 159 201 21 48 - 3850




Table 5 (Con't)

September 26

(1979) 27
28
29
30 -

October

OWRENOOTLWN —

Na -
850

53

Mg

22
124
47

Fe .

115
152
154
137

In

~2
18
53

2-
S0,

1150
3000
10700 -
12600

13100
24800
5350
14700
1450 -
3850

300

600
1800
3000

850

300

300
1650
2870
3000
3050
1170
8050
6850
7150
3400

ND

ND.

ND

300

550 -

800 -
300
600




TSP Na Mg Al K ca Fe Zn Pb 505
November 1 30.3 1226 <2 323 57 48 8 2] 2 3550
(1979) 2 26.7 M5 <2 13 23 < 21 710 550
. 3 25.8 55 12 . 46 %6 35 39 . 7 33 1150
4 21.6 26 6 13 15 <16 <6 <2 5 1100

5 22.9 50 . 7 75 65 - 78 4 19 3] 1100

6 29.2 87 74 111 104 138 150 79 70 D
7 20.0 52 52 38 <16 1 5 28 1900

8 21.0 157, <2 79 29 .17 A4 10 34 - 4350

9 43.4 303 251 466 358 583 396 321 168 300

10 21.0 18 6. 29 10 <16 10 9 15 . 2300

1 26.1 70 <2 75 2 <6 46 11 31 4900

12 26.4 36 <2 106 245 4 48 62 32 5500

.13 27.3 229 <2 99 18 46 2 515 1400

14 26.2 1351 <2 504 27 46 9 2 10 300

15 26.1 306 <2 195 33 <6 9 -2 M 550

16 22.8 151 2 73 57 <6 <8 10 13 ND.
17 24.6 87 5 12 29 <16 10 419 600

18 27.3 54 15 52 56 24 29 4 20 1100

19 46.8 11 63 315 202 184 205 33 56 7700

20 45.2 57 9 . 53 50 <16 49 9 29 150

21 44,0 76 2 8 . 99  -17 5 12 26 . 600

22 38.9 337 <2 &2 231 <16 18 12 22 1400

23 39.4 281 86 105 08 80 124 49 45 6200

22 26.7 77 22 29 . 24 A4 & 16 15 ND

25 29.3 5 34 75 2 75 22 7 13 ND

26 22.6 3 10 1 57 <6 <6 6 2 ND

27 17.2 53 21 144 %2 3 78 18 35 2800

28 9.7 798 <2 319 32 <6 -7 6 14 850

29 8.5 2 <297 3 <6 25 16 2 600

30 17.1 68 <24 100 56 <68 51 16 29 1950
December 1 14.7 55 . <18 53 44 <55 40 9 34 2650
2 11.4 62 <22 141 25 <62 - 3% 10 10 250
3 149 <70 =26 165 93 <58 9% 12 30 300

4 12.9 60 <17 120 48 <60 36 <6 10 600

5 29.8

151 45 216 130 - 43 145 . 13 32 2950



TableA 5 (Con't)

TSP Na ’ Mg Al K Ca : Fe Zn Pb 504
December 6 - 27.2 173 61 281 151 - 130 50 19 . 50 2350
(1979) 7 23.8 - <60 <71 142 48 - " <60 43 <7 21 900
8 23.0 <63 =30 . 134 25 <63 . 25 <6 - 9 300
9 19.7 40 <20 162 79 <50 36 10 10 - - 500
10 24.8 <54 43 15 87 <65 137 11 35 2300
11 31.2 146 84 112 170 - 97 170 22 51 - 3550
12 11.2 <58 . <9 12 23 <58 ~7 <b 12 300
13 1.3 <51 <14 25 . 20 <51 14 <5 15 1050
14 - 10.3 <b7 =25 23 <57 48 <6 13 600
15 18.2 70 19 78 46 13 80 35 38 - 2150
16 12.8 A 9 37 - 37 <16 74 30 13 500
17 16.3 66 4. 110 - 24 <16 36 24 8 . 600
18 3.8 299 55 35 40 23 <6 3 4 300
19 4.0 58 14 61 38 <16 43 14 26 1700
20 6.8 44 11 - 46 37 19 - 85 10 24 © 4550
21 12.1 54 - 8 32 . 48 26 23 7 10 1170
22 19.5 114 21 75 84 29 37 17 32 2950
23 - 12.3 44 3 19 17 <16 <7 <2 7 1550
24 18.2 59 6 304 51 <16 ~9 8 10 . 600
25 16.7 41 . . 31 187 78 36 61 5 15 300
26 17.3 37 4 26 12 <16 <6 X 10 300
27 13.9 - 39 8 113 36 . 22 iR 15 28 - 300
28 10.5 65 10 97 54 <61 5 14 5 <200
29 10.5 65 6 74 31 <16 - <b 9 9 <200
30 9.6 48 9 67 37 <16 <6 6 36 <200
31 =3,3 40 <2 2 <7 4287 <6 <7 <] <200
- TSP - Total suspended particulates.
NS - No sample (see text).
ND - Not determined.

Na, Mg, K, Ca and Zn measured under non- opt1ma1 conditions for samples of January and’ February

June 11: 3 samples, 1100h-1200h, 1200h-1800h, 1800-00h. June 12-24: 6-h sampling, 00h- 600h,
600’h-1(200hS 1200h-1800h and 1800h-00h.  June 25: 3 samples, 00h-600h, 600h-1200h and 1200h (6/25)-
800h (6/26). ' _

*k



Table 6.

Monthly Averages for TSP, Na, Mg, Al, X, Ca, Fe, In, Pb and soﬁ‘ in air

300-24800

particulates
Collected in 1979 at Whiteface Mountain, New York
- concentration (ng/m3)
v H?n)th ( J) ( F) ( M) ( A) ( ﬁ) T ) " 5 4] N D
n 22 28 25 27). 29 (30) (28) (27) (23) (31) 29 2
‘ (nEp) (1) __(3) (8) (5) (13) (18) (19) {9) (3) (2] (‘(3g ((?L
TSP (x10%) Mean 20 16 22 17 3 48* 47 38 34 25 27 16
SE +2 +2 +4 +2 +3 . 45 +3 +2 +2 +2 +2 *
Range -7-39 5-35 1-68 4-46 4-68 27-82 28-7 25-55 18-53 17-55 9-47 4-31
Na Mean <77 <134 - 120 77 66 259 92 260 221 266 232 75
SE +5 +16 +16 48 +12 +17 +7 +124 +65 " 499 +61 +10
Range  <53-140  <39-335 29-468 192202 <18-210 <15-903 36-162 17-2147 22-1859 13-2015 2671351 37-299:
Mg Mean - 25 44 40 87 80 28 40 21 26 23
SE - -- -- +4 +10 +6 +9 +12 +4 +7 +4 +9 +4
Range _<2-106 <2-289 <27143 <2-320 177246 <2-112 <2-153 <2-88 27251 «2-84
Al Mean 81 65 62 183 156 377 270 14 154 A 132 116 98
- SE +16 +8 +11 +28 +27 +40 +36 +9 +37 " 425 +23 +14
Range 15-293 16-95 19-282 43-442 12-629 13-1625 52-655 11-204 12-1025 13-745 17-504 2-304
K Mean ' <32 <23 a6 90 97 191 129 59 90 80 73 53 -
' SE +6 +2 +6 +16 +21 +19 17 +6 +15 +11 +15 +7
Range  <12-112 <10-51 <134 16-417 . <7-568 27-853 32-350 <7135 9-429 <7-219 77358 <7-170
Ca Mean -- <7 120 183 136 256 251 102 m 50 56 52
SE -- +16 +13 +34 430 +23 +44 +14 +16 +8 +19 413
Range <80-387 . <16-351 <16-725 <16-752 .  <16-932 27-944 <1€-401 <16-345 <16-152  <16-583 <16-428
Fe Mean <24 <20 25 76 80 218 159 50 96 59 55 45
. SE +5 +3 +7 +15 +14 +24 +22 +7 +15 M +18 - 18
Range <6-105 <775 <5-195 <5-353 <A-303 <5-800 16-448 <6-172 <6-396 <6-185 <6396 <6-170
In Mean <14 qN 8 25 8 30 54 7 13 12 27 1
SE 41 . #1 +] +5 +1 +5 +16 +] +2 +2 Ky hdl)
Range <«6-18 <5=41 <219 4-95 2-76  <2T304  <2-327 <2-34 <2753 2748 <2732 <2-35
Pb Mean Rl <15 26 24 24 34 37 17 21 20 24 18
: SE +3 +2 +4 +5 +6 +4 43 +3 X +4 + +2
. Range <353 <231 - 4767 37136 7-93 27185 8-67 2767 2-63 =1 27168 <1-5]
.soﬁ' Mean 1000 1600 3200 - 3400° 4300 - - 8300 10000 3100 3900 1900 1900 1200
SE 1220 4500 550 +800 1800 1700 41600 4700. +800 +380 +380 +220
Range <200-5700 <200-7300  350-9700 <200-19200° 300-16200 <200-34000  300-34500 <200-16500 300-12600 300-7700 <200-4550

*Mean of 12 determinations

SE - Standard error of the mean = Jgf , where ¢ is the standard deviation and n is the number of samples analyzed

nEp is the number of episodic cases with SO4

n

2

" concentrations > 5000 ng/m3



Tab1e>7. Seasonal Variation iniTSP, Elemental and 502* Concentration Levels

in Aerosols at Whiteface Mountain,;New York‘..‘

Concentration (ng/m3)" B

Elements _ Dec.-Feb. Mar.-May June-Aug. Sep. -Nov . Annual Mean
TSP (x10%) 17 23 u 29 28
"R 0.61° 0.82 1.57 1.04 ‘

Mean Na 95 88 204 280 157
R 0.61 - 0.56 1.30 1.53

Mean Mg 48 36 65 29 45
R 1.07 0.82 1.46 '0.65

Mean Al 81 134 240 134 147
R 0.55 1.10 1.61 0.91 |

Mean K 36 78 126 81 80
R 0.45 0.97 1.57 1.01

Mean Ca. 83 . 146 203 72 126
R 0.66 1.16 1.61 0.57 -

Mean Fe 30 " 60 142 70 76
R 0.39 0.80 1.88 0.93

Mean Zn 12 14 © 30 17 18
R 0.65 0.75 1.65 0.95

Mean Pb 15 25 29 22 23
R 0.65 1.09 1.30 " 0.96

Mean soz‘ | 1250 3600 ° 7150 3150 3800
R 0.33 £ 0.95 188 0.83

R = Ratio of quarterly concentrations to annual average concentrations in

aerosols.



Table 8. Comparison of Background Concentration of Trace Elements in Rerosols
at Whiteface Mountain with Reported Values

Background Concentration (ng/ms)

Lerwick Nt e MPR‘;r

Element WMFS u.X. Canada Norway Empirical (ng/m>)
Mg 9 — — — " 20 2-16
AT 42 56 70 46 N 30-60

K 37 — — — 50 20-60
Ca 41 — — — 40 20-60
Sc 0.025% 0.013 0.05 0.008 n 0.02 —
Cr C1.1% 1.2 0.62 0.65 n 0.6 —
I 3.0 1.6 2.7 A 1.3 —
Fe 22 59 75 55 - 25 10-40
In 7 33 ' 4.0 9.5 ' nGg - 2-10
As 2.6 1.4 . 0.33 2.0 N 0.3 L —
se 0.5 0.36 0.05 - 0.27 ~ 0.04 —
Br 17* 18 0.6 4.9 ~ 0.6 —
Cs 0.024* 0.04 — 0.02 ~ 0.03 —

Pb 8 30 — — . 0.2 4-12

* Mean of 2 observations (July 5, 1975 énd July 27, 1977);

++ Most probable range for trace element concentration in background
. aerosols at WMFS. '

+ From Cawse (1974)
@ From Rahn . (1976)
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Abstract. The 7Be and O3 concentrations were measured and the
7Be/03 ratios calculated for air particulates collected on several flights of
two specially equipped commercial B747 jetliners between altitudes of 10
and 12 km and latitudes of 21° to 55° N. Upper tropospheric 7Be
concentrations averaged about 520 pCi/ 103m3, whereas the stratospheric
average was about 4,700 pCi/103m3. The 7Be/03 ratio at 35° — 42° N was
determined to be 10.78 pCi/103m3/ppbv for April—June 1978.
Concentrations of 7Be and 03 were also measured daily during June and
July 1977 at Whiteface Mountain, New York. Daily variations in 7Be data
indicated the arrival of a stratospheric air mass on June 15-16.
Comparison of 7Be concentrations show approximately a tenfold dilution
of the stratospheric air during tropospheric descent. The 7Be/03 ratio on
June 15-16 was 9.8 pCi/103m3/ppbv within experimental error of the
stratospheric value. This suggests that at least at times, stratospheric air,
although diluted, reaches ground level without significant relative
fractionation of 7Be and 03. Assuming this to be true on days when 7Be
concentration is > 200 pCi/103m3 (or > 5% of the stratospheric value),
we have determined the stratospheric ozone concentration at Whiteface
Mountain to vary between 19 and 47 ppbv for summer months. Thus at a
remote location such as Whiteface Mountain both stratospheric and the
tropospheric sources play an important role.

Introduction

The bulk of the earth’s ozone is produced in the stratosphere, where it
plays an important role shielding the earth’s surface from solar untraviolet
radiation. The stratosphere is characterized by a temperature increase with
altitude, making it vertically stable compared to the troposphere below.
The lower limit of the stratosphere is ‘the tropopause, which varies in
altitude from 8—10 km at the poles to approximately 16—20 km at the
equator. The height of the tropopause is seasonal and variable, responding
to the annual cycle of mean tropospheric temperature. Generally the
temperature gradient between the stratosphere and the troposphere is
considered sufficient to isolate the two regions, so that large-scale
exchange through mixing is assumed to be negligibly small. Intermittent
transfer of stratospheric ozone to the troposphere occurs during
tropopause folding events (Danielsen, 1968). The descending stratospheric
air could significantly add -to the ground-level ozone concentrations. The
time from intrusion through tropopause to the arrival at the ground level,
as well as dilution through mixing during transport, varies from event to
event. Therefore for ground-level stratospheric studies it is essential to
determine concentrations of at least two conservative tracers.

Several studies (Husain et al., 1977; Ludwick et al., 1976; Reiter et al

1976) have demonstrated the viability of using 7Be (t14 = 53.28 days) as a -

natural radioactive tracer to identify upper atmospheric air at ground level.
Elevated ozone concentrations are observed to correlate with periods of
high 7Be activity. Although correlations between 7Be and 03 identify the
presence of stratospheric air, such data are not sufficient to quantifythe
stratospheric contributions, as ozone is also produced at ground level. To
accurately determine the stratospheric contributions from 7Be and 03
“studies it is essential to know (1) the 7Be/03 concentration ratios in the
stratosphere and (2) the behavior of 7Be aerosol and 03 during the descent
ough the troposphere. Until now neither (1) nor (2) was accurately
own. We are now able to present the first direct measurements of
Be/03 ratios in the stratosphere and upper troposphere.

Copyright 1979 by the American Geophysical Union.

Paper number 9L0232.
0094-8276/79/039L-0232$01.00

Sampling and Analysis

The 7Be concentrations were determined in air particulate samples
collected between 10 and 12 km altitude on two commercial B747
jetliners by NASA’s Global Atmospheric Sampling Program (GASP). The
sampling equipment and procedures have been discussed elsewhere
(Perkins and Gustafsson, 1976), so only certain highlights are presented
here.

Outside air is drawn through the filter via a tube connected near the
nose of the aircraft. Eight IPC 1478 filters are automatically positioned for
sequential sampling at preprogrammed intervals. Each filter is exposed for
about two hours, corresponding to a sampling distance of approximately
1100 miles and the filtering of approximately 150 kg of air. At least one
filter from each eight-filter set is left unexposed as a blank. To insure that
the sampling system is not contaminated by ground-level air, the inlet
probe is capped when the plane descends below6.1 km. Aircraft location
and altitude during sampling are recorded from the aircraft’s navigational
instruments. .

After exposure, the filters are placed in ultraclean polyethylene bags.
The whole filter is analyzed #y-spectrometrically on a 7.5 x 7.5—cm
Nal(TI) detector connected to a 256-channel pulse-height analyzer and/or
on a 45<cc Ge(Li) detector connected to a 8192-channel pulse-height
analyzer. Absolute 7Be activity level is determined by comparing the
intensity of 478-keV vy-ray in the sample with that of a 7Be standard
counted under the same geometry. Uncertainty in the TBe activity
determined by either of the two counting methods averages about +15%.

Ozone was measured in situ using a continuous UV absorption
photometer (Bowman and Horak, 1972; Reck et al., 1974). The errors in
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Figure 1. 7Be concentrations at 10 to 12 km altitude versus average
latitude. Uncertainities are shown as vertical bars; open circles correspond
to upperlimit ‘measurements. The designations S and T indicate
stratospheric and tropospheric samples respectively, as explained in the
text. The shaded curve is the theoretical 7Be saturation activity for a
stable atmosphere at 10- to 12 km altitude (Lal and Peters, 1967).

171



172

TABLE 1. Measured Concentrations of 03 and 7Be and 7Be/03 Ratios in the Stratosphere and the Troposphere

Dutkiewicz and Husain: Stratospheric Ozone at Ground Level

Sampling
Date Latitude 03 TBe TBe/03
(1978) CN) (ppbv) (pCi/KSCM) (pCi/KSCM /ppbv)
Stratosphere
Jan. 9 36.8 - 35.0 368 5,330 1448 + 3.55
9 51.6 — S55.1 276 7,280 2638 + 3.55
Feb. 17 41.8 - 42.7 3843 5,410 1409 + 3.55
April 18 41.0 - 383 526 5,290 10.06 * 095
23 383 - 420 236 2,330 987 + 118"
May 24 384 - 420 341 4330 1270 ¢ 083
27 38.5 - 42.1 277 2,610 942 + 071
June 17 379 - 35.0 432 5,020 1162 * 1.18
Average April—June 10.78
Troposphere
Jan, 6 37.0 — 335 59 <590 <100
March 7 36.8 — 319 29 <360 <124
10 370 - 346 292 983 339 + 11.8
12 239 - 270 352 <470 <134
16 22.0 - 287 71 710 10.0 = 3.5
20 253 ~- 219 972 <590 < 6.1
April 22 37.0 - 31.2 61 <360 <59
25 22.6 — 30.6 91 180 20 1.2
28 369 — 320 79 260 33 20
May 18 36.0 — 250 32 580 181 = 59
30 23.0 — 31.0 63 340 54 % 21
June 8 21.8 — 29.1 43 <240 < 56
11 40.0 - 410 70 628 90 * 36
17 222 - 323 82 <300 < 36
Mixed Stratosphere + Troposphere
Jan. 15 42.1 - 412 1892 3,670 1942 t 473
21 348 — 40.1 1572 3,990 2542 + 592
24 230 - 314 135 990 74 £ 14
April 29 34.1 — 384 142 2,050 1443 £ 3.55
May 18 212 — 282 104 403 39 t 16
June 14 41.1 - 41.2 130 860 54 + 18
20 40.5 — 410 140 970 69 t 24

a0zone concentrations estimated using ozone measured in the B747 jetliner’s passenger cabin. Ozone

destruction within the passenger cabin and during compression has been corrected. (Lezberg et al., 1977).

Uncertainty, = 20%.

ozone measurements are estimated to be approximately t 5%. The data
presented here cover flights from January through June 1978 and the
latitude range from 21° to 55° N. Most samples were collected in the
Western Hemisphere between 40° and 160° W, although several Eastern
" Hemisphere samples have also been analyzed. The ozone value used here is
the average value measured during the particulate sampling.
Concentrations are corrected to standard temperature and pressure (25° C,
760 mm Hg).

Results and Discussions

The measured 7Be concentrations are shown in Fig. 1 as a function of
latitude. Our 7Be measurements, at 11-12 km, are in reasonable agreement
with those obtained by _Feely et al. (1971) at 12.2 km. Fiom the monthly
mean 1975-1976 tropopause heights (Falconer, 1978), samples collected
below 30° latitude are expected to be purely tropospheric, while those
between 43° and 30° may be stratospheric, tropospheric, or mixed. The
sampling height relative to the tropopause is not known, but a reasonable
designation of stratospheric and tropospheric air can be made from the
average ozone concentrations. On the basis of GASP observations

(Nastrom, 1977 and 1978), where the mean tropopause altitude has been
independently determined, we have assigned samples with observed ozone
> 230 ppbv as stratospheric (S), those with ozone concentrations < 100
ppbv as tropospheric (T), and those with ozone concentrations between
100 and 229 ppbv as mixed stratospheric and tropospheric.

7TBe is naturally produced in the upper atmosphere by the interactions
of cosmic ray protons and neutrons with oxygen and nitrogen.
Atmospheric production rates computed by Lal and Peters (1967) indicate
that the average stratospheric production rate of 7Be is twice that of the
troposphere. Because stratospheric aerosols, to which 7Be becomes
attached, remain suspended much longer than do those in the troposphere,
the average specific activity ratio between stratospheric and tropospheric
7Be has been estimated to be 28:1 (Lal and Suess, 1968).

Assuming secular equilibrium between /Be production and radioactive
decay, the expected saturation activity at 10-12 km is shown as the shaded
curve in Fig. 1 (interpolated from Lal and Peters, 1967). The data
designated as stratospheric in this figure are in excellent agreement with,
the theoretical saturation concentrations, supporting the assumed
designations. As expected, the data designated as tropospheric lie
considerably below the saturation concentrations. Due to vertical mixing
and scavenging processes in the troposphere, aerosol lifetimes are expected
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to be rather short (see Fig. 21 in Reiter, 1975), so that equilibrium
concentrations are not likely to be reached. .

Table 1 gives the 03 and 7Be concentrations and 7Be/03 ratios for
samples collected between January and June 1978. The samples have been
classified as stratospheric, tropospheric, or mixed, as discussed above. The
stratospheric 7Be concentrations ranged between 2,330 and 7,280
pCi/KSCM with an average of 4,700 pCi/KSCM (KSCM = 1,000 m3 air).
Tropospheric 7Be concentrations are much smaller, as would be expected,
the average being 520 pCi/KSCM (excluding upper-limit measurements).

The 7Be/03 ratios are also listed in Table 1. Because of seasonal changes
in stratospheric circulation patterns (e.g., Reiter, 1975), seasonal as well as
latitudinal variations in 7Be and 03 concentrations and hence in 7Be/03
ratios are possible. However, data given in Table 1 are insufficient by
themselves for any conclusions regarding seasonal variations. The

“ stratospheric data between April and June at ~40° N appear to be
constant within experimental uncertainties, with an average value of 10.78
+ 1.42 pCi/KSCM/ppbv. Uncertainties given for average values represent 1
standard deviation. The data for January-February at ~40° are slightly
higher, with an average value of 17.8 + 59 pCi/KSCM/ppbv. The
tropospheric 7Be/03 ratios are highly variable, reflecting the vertical
mixing and scavenging processes so prevalent in the troposphere.

We will now consider applying the stratospheric 7Be/03 ratios to
ground-level measurements. In Fig. 2 we show daily 7Be and 03
concentrations determined at Whiteface Mountain from June 15 to July
14, 1977. Peak 7Be concentrations were observed on June 1516, 2425,

WHITEFACE MT. 1977
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Figure 2. Daily 7Be and 24:hr average ozone concentrations for June and
July 1977 at the 1.5-km summit of Whiteface Mountain, New York. Stars
represent lower-limit estimates. Selected days are shown in the figure to
aid in intercomparisons. KSCM = kilo standard cubic meter (25°C, 760
mm Hg).

TABLE 2. Calculated Stratospheric Ozone during June and July 1977
at Whiteface Mountain, New York

Date 24-Hour Average Ozone (ppbv)
(1977) Total Stratospheric?
June 15 51 46
16 50 47
17 71 25
24 61 19
25 74 19
28 80 33
July 1 42 ‘ 19
3 44 32
4 55 24
5 46 21
6 46 19

aUsing 7Be/03 = 10.78 pCi/KSCM/ppbv; see text.

and 28 and July 1 and 3. Comparison of peak 7Be concentrations with
those measured in the upper troposphere at 10—12 km (Table 1) shows
that ground-level concentrations are as high as, or even higher than, those
observed in the upper troposphere. Ground-level peak 7Be concentrations
are approximately 5—10% of the stratospheric values. Therefore peak TBe
concentrations cannot be attributed "to transport from the upper
troposphere. The dilution of the upper tropospheric air during descent to
ground level would yield TBe values comparable to the observed
background concentrations, which are much smaller than peak TBe
concentrations (Fig. 2).

Since there are no ground-based 7Be sources, the “peak” 7Be must
originate in the stratosphere. The observed relationship between 7Be and
potential vorticities support this hypothesis (Husain et al., 1977). The TBe
peaks are accompanied by increase in ozone concentrations. Both 7Be and
ozone' peak on June 24-25-and 28 and July 1. The 7Be peaks of June
15-16 and July 3 are also accompanied by high ozone, but ozone
concentrations peaked a day later. This 1-day delay has been observed
before and explained by increased tropospheric contributions (Husain et
al., 1977).

The stratospheric 7Be/03 ratios combined with the ground-level 7Be
can yield the ground-level ozone of stratospheric origin, assuming TBe/03
ratios remain constant during transport. There is evidence that in cases of
stratospheric intrusion the transport from stratosphere to troposphere is
rapid (Reiter et al., 1975). The TBef03 ratio measured at Whiteface
Mountain on June 15 and 16 is 9.8 pCi/KSCM/ppbv, almost identical to
the stratospheric measurements for April—June. Thus, at least at times, the
7Be/03 ratio remains unchanged during the descent through the
troposphere. Application of the 7Be/03 ratios to determine the ozone of
stratospheric origin on days when peak TBe concentration is observed
appears to be justified.

The calculated stratospheric ozone contributions given in Table 2 vary
from 19 to 47 ppbv. These are 24-hour averages, and substantially higher
contributions for a given hour are possible. The stratospheric ozone
contributions range between 25 and 95% of the total ozone. Thus at a
remote location such as Whiteface Mountain both' tropospheric and
stratospheric ozone sources play important roles. Neither the
photochemical theory (Crutzen, 1973; Chameides and Walker, 1973,
1976; Fishman and Crutzen, 1978) nor models coupling photochemistry
with transport (Chameides and Stedman, 1977) nor the stratospheric
sources alone (Fabian, 1974; Fabian and Pruchniewicz, 1977) can explain
our observations in entirety.
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Concentrations of 13 trace elements and total suspended particulates were measured for 24 consecutive
days in July 1975 at Whiteface Mountain, a remote site in the Adirondack Mountains of New York. High
episodic concentrations were observed during a five-day period, July 16 through 20. Air trajectory
calculations showed that stagnant air masses originating southwest of Whiteface Mountain were the
primary sources of these high concentrations. During July 1976 the sampling network was extended to
four stations separated by hundreds of kilometers in New York State plus a site in New Jersey. Air tra-
jectory calculations for July 19 and 20, when peak concentrations of particulates and trace metals were
observed at all five stations, strongly suggest that the particulates and trace metals were transported from

sources southwest of New York State.

Evidence exists of long-range transport of pollutants, in-
cluding total suspended particulates (TSP), to distances as far
as 2,000 km [Elliot et al., 1974). Prospero [1977] showed that
the dust particles can be transported for several days before
being removed from the air. This long-range transport of TSP
may enhance the concentrations of TSP and associated trace
metals, including toxic ones, in otherwise remote areas. Mea-
surements at Whiteface Mountain, a rural site in the Adiron-
dack Mountains in upstate New York, have shown high ozone
[Coffey and Stasiuk, 1975, Husain et al., 1977] and sulfate
[Galvin et al., 1978] levels comparable to those at many urban
centers.

To investigate the possibility of long-range transport of TSP
and trace metals into New York State from the industrial
Midwest we have used a new approach. In this work we have
collected daily samples for up to 24 consecutive days and from
as many as five locations separated by hundreds of kilometers.
Elemental concentrations were determined by instrumental
neutron-activation analysis. To identify the regions through
which the air had passed before reaching the sampling site, we
analyzed air trajectories using the model developed by Heffter
et al. [1975)]. Episodic high elemental concentrations and air
trajectories were then compared to deduce information regard-
ing the transport of TSP and trace elements.

Air particulates were collected on July 1-24, 1975, at the
Atmospheric Sciences Research Center’s Observatory at the
summit of Whiteface Mountain, New York, approximately 1.5
km above sea level. This location is approximately 450 km
northeast of Buffalo, New York, and 450 km north of New
York City. The nearest urban center is Syracuse, about 250 km
to the southeast.

During July 1976 particulate samples were also collected at
Albany, Schoharie, and Holland, all in New York State, and
at High Point, New Jersey. The Albany sampling site was
located 75 m above ground in an office tower at the State
University of New York at Albany. Schoharie is northeast of
the Catskill Mountains on a relatively isolated agricultural
region. Holland is downwind about 60 km southeast from
Buffalo. High Point is in the Kittatinny Mountains of north-
west New Jersey about 500 m above sea level.

Copyright © 1979 by the American Geophysical Union.
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Particulates were collected with four high-volume samplers,
operated sequentially for 24-hour periods. The particulates
were collected on. preweighed 25 X 20-cm Whatman 41 filter
paper. Approximately 2000 m® of air was filtered during each
24-hour collection. The collected samples were stored in a
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Fig. 1. Concentrations of four trace metals at Whiteface Moun-
tain, New York, in July 1975. Shading designates the episode of peak
concentrations (July 16-19). An arrow indicates elemental concentra-
tion is below the detection limit.
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Fig. 2. Trajectories of air masses reaching Whiteface Mountain on July 15-19, 1975. Each arrow indicates a 12-hour
movement of the air mass.

humidity- and temperature-controlled room (50% relative hu-
midity, 21°C) before weighing. Trace element concentrations
were measured by instrumental neutron-activation analysis.
Details of the procedure will be published elsewhere.

Daily concentrations of Sc, Mn, Fe, and Cs are shown in
Figure 1. A striking feature of these data are the high concen-
trations observed on July 16 through 19. Three other ele-
ments—Zn, As, and Se—and TSP also showed peak concen-
trations during this period. (For brevity the data are not given
in Figure 1.) However, Br, Sb and Hg did not peak at this
time.

The sources of these high episodic concentrations are not
obvious, but an insight may be obtained by comparing the
elemental data with measurements of sulfates at Whiteface
Mountain during July 1-24, 1975 [Lioy et al., 1977]. The

variations of daily sulfate concentrations are quite similar to
those of Sc, peaking on July 16-19. (For the six days July 14—
19 the sulfate values were 1.1, 5.5, 7.0, 23.2, 23.4 and 4.4 ug
SO,/m? air, respectively.)

The primary source of atmospheric sulfate (combustion of
fossil fuels) occurs infrequently in the vicinity of Whiteface.
Mountain. Galvin et al. [1978] have shown that the high sulfate
levels there result from air-mass transport from the west and
southwest. It appears reasonable to assume that sulfate and
trace elements, which have simultaneous high concentrations,
have also the same origin i.e., in air-mass transport.

To identify the areas from which the air masses containing
high concentrations of metals, TSP, and sulfates originated,
trajectories for July 15-19 were computed for each day during
the study period (Figure 2), using the technique developed by
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TABLE 1. Estimated 12-Hour Average Wind Speeds (m/s) Along
Trajectories of Air Arriving at Whiteface Mountain, New York, on
July 15-20, 1975

Hours Prior to Arrival at Whiteface Mountain

Date
(1975) 60-72 48-60 36-48 24-36 12-24 0-12
July 15 16.5 16.7 22.9 28.4 27.7 322
July 16 18.2 20.1 220 17.8 15.8 24.8
July 17 18.4 12.4 7.0 11.2 18.7 28.5
July 18 11.6 9.9 11.5 14.8. 22.5 29.7
July 19 9.8 13.6 17.2 249 28.1 39.1
July 20 293 38.3 448 45.2 44.0 43.2

Heffter et al. [1975]. Such trajectories are computed by time
and space interpolation of measured wind velocities, averaged
over a specific layer of the atmosphere, using 6-hour intervals
corresponding to 2 am., 8 am., 2 pm,, and 8 p.m. EDT.

The trajectories were computed for the layer between 400
and 1400 m above the terrain. The lower limit was imposed to
eliminate the wind field in the nocturnal surface inversion.
This layer of light and variable winds is of little importance in
the transport of atmospheric mixtures over more than a few
tens of kilometers.

The weather on July 15 was characterized by high pressure
building along the east coast, with a remnant stationary front
running from Vermont to Georgia. Areas of precipitation
formed along that front and produced moderate rainfall over
much of the east coast, including most of eastern New York
State. The pattern persisted on July 16, with precipitation over
all but extreme northern New York. On July 17 the stationary
front had dissipated, and strong high pressure had become
established. There was no measurable precipitation in upstate
New York. This warm, hazy weather continued until the eve-
ning of July 18, when an area of precipitation began to move
through the state from west to east. Precipitation developed on
July 19 as an upper-level trough moved over the state from the
west.

The wind reaching Whiteface Mountain on July 17 and 18
arrived from the west. This westerly wind resulted when high
pressure over western Pennsylvania caused the wind to flow
from the eastern Midwest and western Pennsylvania north-
eastward into western New York and then in a more easterly
direction toward Whiteface Mountain. Such conditions are
often associated with stagnation in the Ohio region [Samson,
1978]; note the lengths of the 12-hour trajectory vectors.

As the trajectories computed for this period pass over the
same general region, it is worthwhile to note the trajectories
for each day studied. Table 1 lists the average 12-hour wind
speed estimates for those trajectories computed to arrive at
Whiteface Mountain at 1400 EST each day. The highest con-
centrations of trace elements and TSP (on July 17 and 18) were
associated with low wind speeds occuring 36-72 hours prior to
arrival at Whiteface. Increased wind speed on July 19 and 20 in
the Midwest was associated with lower concentrations at
Whiteface Mountain.

It is reasonable to suppose that during a stagnation episode
in the Ohio region the air mass collects particulates produced
in that area, where industrial sources release large amounts of
pollutants such as sulfates and trace metals. Subsequent trans-
port to New York State, as shown by the trajectories, would
then explain the high elemental and sulfate concentrations
observed at Whiteface Mountain.

High concentrations of Br, Hg, and Sb, however, do not
appear to be associated with the July 16-20 episode. Automo-
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biles are the most likely sources of the particulate Br, which
would explain their poor correlation with the TSP and air
mass trajectory. The source of Hg is not so clear. It appears to
be associated with the air masses originating northwest of
W hiteface Mountain, but no known major source of Hg,
natural or anthropogenic, exists in upstate New York. Coal
burning is a possible source, but its contribution to the ob-
served Hg level cannot be determined at this time.

In order to test the hypothesis that much of the metals seen
in New York State are transported from distant source, we
extended our sampling region to include Holland, Schoharie,
Albany, and Whiteface Mountain, New York, and High
Point, New Jersey, during July 1976 If stagnant air masses in
the Ohio region were the cause of high elemental and TSP
concentrations at Whiteface Mountain, they would also af-
fect other areas in the Northeast. All of the new sites, except
Albany, are rural, although Holland is only about 60 km
southeast of Buffalo. On July 20 an unmistakable peak in TSP
concentrations was observed at all five stations (Figure 3),
simultaneous with peaks of Na, K, Sc, Mn, Fe, Zn, ‘and As.
The same behavior was reported for sulfates [Galvin et al.,
1978]. _

Simultaneous occurrence of peak TSP, metals, and sulfate
concentrations at locations hundreds of km apart strongly
suggests a distant common source. Trajectory analyses show
that air masses reached New York State on July 17, 1976, from
the north and on July 18 from a more westerly direction. On
July 20 the winds arriving in New York State originated in a
stagnant air mass in the Midwest; the trajectories were similar
to those for July 17, 1975 (Figure 2). The estimated trajectory
wind speeds for this period show a distinct minimum for the
air mass arriving on July 20, occurring 36-48 hours prior to its
arrival [Galvin et al., 1978). These results again suggest that the
high metal concentrations observed in upstate New York and
New Jersey resulted from the transport of stagnant air masses
in the Ohio region.

Although we have not used unique tracers to study the long-
range transport of pollutants, a correlation was established
between high episodic concentrations and air trajectories dur-
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Fig. 3. Total solid particulate measurements during July 1976 in
upstate New York and New Jersey. Shading designates the day of
peak concentrations (July 20).
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ing the summers of 1975 and 1976. This correlation indicates
that high trace metal concentrations in much of New York
State are due at times to the air flowing from stagnant condi-
tions in the Midwest.
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The phenomenon of stratosphere—troposphefe exchange.for«ozoﬁe has been studied
using cosmic fay‘producgd 7B¢ as a tracer. It is demonstrated that the
stratosphere-troposphere exchange is approximately two times highef in the
northern hemisphere comparea to that in the southern hemisphere. New deter-—
minatibns of 7Be/03 ratios at 10-12 km using commércial 747 jetliners are
presented.- A troposphe;ic ozone budget originating from fﬁe'stratosphere is
calculated from 7Be/O3 ratios and ground level 7Be concentrétions. The rgSults
show that at least half of the annual average ground level ozone concentrations
in tﬁe 20°-50°N aﬁd essentially all of the ozone in tﬁe 600—900N latitudinal
bands originates in the stratosphere. In the southern hemispheré our calcula-
tioﬁs are hampered by the'lack of 7Be/O3 ratios measurements inlfhe stratosphere
as well as relatively less abundant 7Be measurements especialiy 600—90°N
latitudes. In the 10°-40°S band our calculations suggest that at least half
‘”bfﬁfhe-ozone in the middle latitudes of the southern hemiéphere'originates

in the stratosphere.




THE ozone budget plays an important role in atmospheric chemistry, air quality
' ¢riteria, and in the understanding of stratosphere-troposphere exchange
mechanisms. The most generally accepted theory describing the ozone budget
postulates that, except in pollutea areas, ozone observed at ground level

*® several

is transported from the stratosphere. Beginning with Crutzen,
authors3—7 have argued thatlphdtochemisfry in the troposphere plays a dominan;
role in thé trobosoheric ozone budget. More recently, Fishman and Crutzen7
havé challenged the classical theory on the basis of: (1) the greater areé
of land relative to oceans in the northern hemisphere (NH) compared to that
for the southern hemisphere (SH), and (2) the greater ozone destruction rate
over land compared to'that over ocean. They argué that the approximately
equal ozone concentrations .in the middle 1atitudes of the two hemispheres'can
only be accounfed for by a stratospheric ozonme flux in the NH which is thfee
times that in the SH. Since their meteorological'analyses do not &ield such
large'hémispheric differences in stratosphere—troposbhere exchange, Fishman
and Crutzen7 concluded that tropospheric ozone in the middle latitudes of
the NH is not primarily of stratospheric origin. They proposed instead that
oxidation of CO is the major source of tropospheric ozone. It appears necessary
to develop a clearer.understanding of tropospheric ozoné sources.

In ﬁhis paper, we deménétrate_that the stratospheric—tropospheric exchange
is indeed approximately 2 times higher in the NH than in the SH, describe g.

new concept to quantify the contribution of stratospheric ozone at ground level.

7

Be as a tracer of stratospheric ozone

The interactions of cosmic ray protons and neutrons with atmospheric.

oxygen, nitrogen, and argon produce a myriad of radionuclides,8 including

"Be (half-life, 53.3 d). Because of cosmic ray attenuation within the’



the atmosphefe and atmospheric circulation, the average Be concentra-
tion in the stratosphere is estimated to be approximately 30 times that in
the troposphere.9 Rapid circulation and precipitation scavenging in the
lower 5 km of the atmosphere, results in a mean residence time for aerosols
10-12 . 7 . .
of the order of a few days. Thus, 'Be production in the lower 5 km 1is
‘very small accounting for only a few percent of the observed grbund level
7Be concentrations. Therefore, higH ground level 7Be concentration is a *

good indicator of subsidence of air from aloft.13‘_15

12,16-18

Although the specific .
mecﬁahisms are still debated, stratospheric—troﬁospheric exchange
appeafs well established. We have at times measured 7Be/O3 tatios at altitudes
just Below thé tropopauée which were very similar to those measured in the

1 . - .. .
stratosphere. 4 Subsidence of the stratospheric air will transport ozone and

: . . 7 ' .
7Be to ground level. Concentrations of "Be and ozone so transported can be

- w;ftten as:
7
7 ("Be) : .

d ('Be),, _ s _ 7 :

3t T =—= + Q (A + kl) ("Be), (1)
(0,)

d (0,),, = "3’s .

35 3T | - -k, (05), (2)

7 _ . 7 S, 3 15 L, 3y . ‘
where ( Be)T = concentrations of 'Be (fCi/m~ = 10 Ci/m”) in the troposphere
(03)T~ = concentration of ozone (ppbv) in the troposphere |

(7Be)s and (0_3)S = ‘concentrations of "Be (fCi/m3) and ozone (ppbv), respectively,

in the stratosphere

T = stratospheric mean residence ‘time (days)
Q = average tropospheric 7Be produﬁtion_rate (fCi/m3/d).~
A= de;ay constant of Be (0.0130 dfl)
"k and'k = fecip?ocals'of tropospheric mean residence times (days) of

7Be and 0,, respectively.

3,



. . g . 7 ) . i
Since there is no significant net annual change in Be and ozone concentrations,

the left hand side of equations (1) and (2) can be taken as zero. Rearranging

and dividing equation (2) by (1) we obtain

(\ + kl)

-(0,) = L . . [(7Be) —’B‘e*] ' (3)
A3 T (]Be/OB)S kz ) T T '

where BeT =Q/(\ + kl) = the nétAaverage 7Be concentration produced in the

| troposphere
‘Thus, ground 1eve1/7Be concentratiéns can be used to determine the amount of
stratosnheric ozone if the stratospheric 7Be/O3 ratio and:the mean trépospheric
residence times of 7Be and ozone are known,

In an earlier papér',14 we reported the first mea5urement§ of 7Be/O3
ratios in the statﬁsphere at 35°-42°N for January-June 1978. Here we report
additional 7Be/O3 ratio measurements at 10-12 km alfitude, 20°-50°N for the
October 1977-March 1979 period. Experimental details of these measurements
are similar-to those described by Dutkiewicé and Husain.;4 The ratios are
shown in Figure 1, with vertical bars repfesenting estimated Uncertéinties.*
The average sfratospheric 7Be/O3 ratios for each of the four seasons are’
shown by solid lines. AlsoAshowﬁ in Figure 1 for comparison afe 7Be/O3

19,20 and 7Be measurementsz

ratios (dashed lines) estimated from other ozone
between 12 an& 21 km, Although these 7Be and ozone measurements were carried -
out 1in separéte experiments, sometimes years apart, they provide 7Be/03 ratios
which agree well with our results obtained from the.simultaneoué measﬁjements'of
7Be and ozone. The aéreement between our 7Be/O3 measuremeﬁt at 11.5 km and the

calculated value integrated over 12-21 km suggests that 7Be/O3 ratiostremain

relatively constant throughout the lower stratosphere.



From out measurements, we deduce an annual average 7Be/O3 ratio in the
stratosphere of 10.9 (fCi/m3/ppbv) for 300-6O?N latitude band. Because of
the excellent agreement between the stratosoheric 7Be/03 ratio deduced from

20 . 19 7

ozone measurements of Dutsch and Hering and Borden ~ and 'Be (Feely et
3121), we have used their measurements to deduce the stratospheric 7Be/O3
ratio for the 0°-30° (15.3 £Ci/m3/ppbv) and 60°-90° (8.7 £Ci/m3/ppbv) latitude
bands. A correction factor of 1.09 determined by normalizing the calculated

7Be/O3 ratio with our accurately determined ratio for 30°-60°N band was

applied to the calculated 7Be/O3 ratio for 0°—30°'and 60°-90°.

Stratospheric-tropospheric exchange

g

7 : . .o
Because 'Be appears to accurately trace stratospheric air masses, global
7 ‘ : . . . .
Be measurements can provide a basis for studving stratospheric-tropospheric

exchange. In Figure 2 we have constructed the latitudinal profile of "Be

using annual average concentrations measured below 2 km altitude.

The individual sites which are included in Figure 2 are summarized in Table 1.

- Many of the sites in the Environmental Measurement Laboratory (EML) network22
have héd monthly 7Be determined on a continuous basis since 1970. Thué, 8 years
of 7Be data are available for averaging at these sites. Té account for random
occurences. of incomplete data at some EML sites, monthly data for each site

were averaged and the grand average (Shown as ® in Figure 2) was computed

by averaging the yearly averages inversely Qeighted by .the number of monthg

of data available each year. Since most of the data points in Figure 2 represent
7Be averaged for more than one year, with many representing 8 years of 7Be

measurements, these data should be representative of the 7Be concentration in




surface air. Althougﬁ the average ’Be concgntrdtion in the lowef stratosphére

is approximateiy 30 times that in the surface air, the magnitude of stratospheric
/e present in tﬁe troposphere.depends upon the intensity of stratospheric—
tropospheric exchange, transport process and the mean residence time. Therefore,

before 7

Be coﬁcentrations from Figure 2 can be compared in the two hemispheres;‘
the tropoépherié ’Be contributioﬂ‘shéuld be subtracted. Since the ’Be produc-
tion in the troposphere dgpends on the flux oé cosmic ray protons and neutrons,

"air density, and irradiation times, the tropospheric component can be safely
assumed to be the same in the two hemispheres. It is also appgreﬁt that‘ﬁhe
tropospheric 7Be.component_can be directly measured only in the region where
the stratosphéric influences aré trivial. It is widely recognized tﬁat at the
equator the stratospheric influences are vanishingly small. The global
circulétion patterns12 ;lso imply a minimal stratospheric 7Be‘contfibution at

60°N. Figure 2 provides a testimbny to these suggestions, the observed 7Be

levels at 60°N and at the equétor are very low and about equal. Lal and Peter38
calculations show some variation with latitude in the tropbspheric 7Be production
rates. We have normalized the observed 7Be concentratioh at ;he equator with |

Lal and Peters8

latitudinal profile to deduce the tropospheric "Be contribution
-at all latitudes iﬁ both hémispheres (dashed lines in Figure 2). For 20°-40°N

the avérage tropospheric ’Be contribution is approximately 25% of the observed

7Be'values, whereas for 10°-40°S this contribution ié'about 457%.

An examination of the most comprehensivé céllecfion of ﬁorldwide ’Be data
(Figure 2) unmistakably shows significant'hemisbheric asymmetries. In the NH,
a prominent peak is observed at about 30°-35°N, witﬁ minima at the equator and
%6OO.V At‘latitudes” above 60°N, the 7Be concentration rapidly in;reases.up to’

80°N. No data exists at v90°N hence we have carried out an extrapolation. In

the SH the /Be data are understandably less abundant. However, a peak at 1,25°



is indicated. No ground level 7Be measurements above 60°S are known to us.

However, a "Be ﬁeasurement at 2.8 km at the South Pole show a high‘7Be concen-
tration of 111 fCi/m3.22 We ﬁave not included this défum as we have excluded

all other higﬁ altitude measurements. For completenesé we have carriea out

an extrapolation from 6QOS to tﬁe South Pole, assuming the variation is similar to that
fo; 60°-90°N. Integration of the 7Be concentfation profiles, wéighﬁing by the ceosine
of ﬁhe latitudes to accounﬁ for tﬁe area in a latitﬁde baﬁd, éna subtracting -

the tropospheric ’Be component (as depicted by the lower.dash curve, Figufe'Z)

we obtain a stratosphéric ’Be flux ratio in the:ﬁH/SH of 1.8. The greatest

asymmetry occurs between 20° and 40° where we calcglate a NH/SH of 2.1. Even

if the'éolid curve in Figure 2 is biased to paés through the three points of

highest concentratién in the SH,'for'20°—40° the ratio of the stratospheric ’Be

in the NH/SH reduceé only slightly; to.1.8. Additional measurements in the SH
an&*éspeci311§ between 10° and 40° willbfgcilitate hemispheric comparisons. In

'Be data in the SH are sufficient to define a

spite of this, we feel that the
fairly accurate profile of stratospheric 7Be flux. From the above discussion
we conclude that the stratospheric 7Be flux in the NH is approximately twice
that in the SH. Our conclusion finds subétantial support from thé global |

126

and Gidel and~Sh’apiroz7

circulation model (GCM) calculation of Mahlman et al
who have determined a‘NH/SH ratio of 1.85 and 1.96, respectively, for stratospheric
ozoné.

The major features qf the 7Befpfofile in Fig#re 2 can be qualitatively
explained by the Hadley cell'circulatibn patterns12 in the £roposphere. The
descending branches of the Hadley cell are also situated nearly at the‘same

latitudes as the ’Be peaks, namely, poies, 309N and V20°S.  The ascending

branches of the Hadley cells are located near the equator and 60° in both




hemispheres. Minima in the 7Be concentrations are also observed at the equator,
V60PN and 60°s. Therefére, the peaks and valleys in the 7Be cohcentration
profile may bevassociated, respectively, with the descending and the ascending
~branches of the ﬁadley cell. Mass transfer processes including Hadley cell
circulation introduce large amounts of stratospheric air mass in the ﬁpper
troposphere at mid latitudes both in the NH and the SH. The descendihg branch-
of the Hadley cell, whether penetrating from the stratosphere or residing entirely
in the troposphére, may.subsequently transfer the intruded stratospheric air mass
to the lower troposphere. 1In the lower troposphere'the descending branch of

12 Tpe

the Hadley cell undergoes meridional transport. The sharpness-of the
peak, particularly in the NH, is however inconsistent with significant meridional
transport in the lower troposphere. Since the aerosol residence time in the

. lowest 5 km is relatively short, of the order of a few days,lo_12

stratospheric
7Be"is not likely to:undergo significant meridional transport. However, strato-
spheric species with longer residence times in the lower troposphere may undergo

significantly meridional transport. Such species will exhibit a broader meridional

profile than that indicated for 7Be in Figure 2.

Mean tropospheric residence times
R I e N N N N N N

The mean tropospheric aerosol residence time in the NH has been estimated
by several authbrs to be about 30 days using fission productshz8 We are not
aware of any estimatés of mean troposphe:ic résidénce time in the SH, but there
are no a priori reasons to believe that fhe mean aerosol residence time in the
SH wili be significantly different from that'in the NH. Concentration of 895y

22 Using

and 9OSr in aerosols collected monthly have been reported for the SH.
895r and/gosr concentrations obtained for samples collected at Puerto Montt,

Chile (41°© 27' s, 72° 57' W) immediately after the French nucleaxr explosion at
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Mururoa Atoll (21° S, 135° W) on August 14, 1971 and a calculational procedure
developed by»Kuroda,29 we obtain a mean tropospheric aerosol residence time of

40 + 19 days at 41°S. This value is in reasonable agreement with a mean

28 .t 36° N, 97° W. Since

28

residence time of 30 days ob£aiﬁed by Beck and Kuroda
‘the residenée time for the NH obtained by Beck and Kuroda are based on superior
data (individual rain samples vs. monthly air particulates composite), we use
a value fér kl of 0.033 a1 for both‘the NH and SH.

Fof the 6bserved'upper tropospheric‘ozone concentrations and destruction

30

- rates of ozone at the earth's surface, Fabian and Pruchniewicz®" have calculated

the mean tropospheric residence time of ozone varying from 42 days at the pole to
88 days at the equator. These calculations assume ozone

is an inert specie iﬁ the troposphere. 1In view of the photochemical‘

reactivity of ozone this assumption probabiy is not valid. In a recent one-
diﬁZhsional model calculations, which invélve both chemistry and transport,
Hameed31 has estimated ozone meaﬁ residence times at all latitudes in both the

NH and the SH. For 20°-40°N, and 60°-90°N latitudinal belts, average mean

residence times of 30 and 148 days respectively, were obtained.31

Ozone budget
AL Ve u

Using the mean resi&ence time for 7Be»and ozone, 7Be/O3 ratios measured in
this work, and the average ’Be concentration from Figufe 2 (cqfrected for_tropo—
spheric 7Be component), we can calculate the ground level ozone contribution
from the stratosphere using equation (3). For 20°-50°N our calculations yeild
a value of 14 ppbv for'strétosﬁheric'ozone contributions in the surface air.
Fishman and Crutzen (1978) have calculated a value of 25 ppbv for the total
tropospheric ozone concentration at 20°-60°N. Thus, our calculations suggest.

that in the 20°-40°N latitudinal band approximately 56% of the ozone is trans-
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ported from the stratosphere. This estimate finds excellent support from

27 who have used GCM to estimate that

~ recent calculétions by Gidel and Shapiro
in 20°-40° N band approximately 607 ozone priginates froﬁ the stratosphere.

In the 60?—90O N latitudinal band our technique yields 34 ppbv for the
stratospheric ozoné contribution, which is higher than the ozonesonde value of
" 25 ppbv for this latitude band’. Most likely explahation for the higher ozone
value is probably that‘the 148 days mean fesidence?l:time for ozone is too high.

30 on the basis of surface destruction rate alone esti-

Fabian and Pruehniewicz
‘ ] ) : o , 31 '
mated an ozone mean residence time of 42 days for 60-90° N. Hameed's calcula-
tion includes both surface destruction and chemistry in the troposphere. At
the same times serious discrepancy occurs in the ozone mean residence time in
20°-40° N calculated by the above authors. For example, we have used Hameed's30
calculated value of 30 days, which is substantially smaller than 47 days esti-

30, Therefore, our estimates of stratospheric

.mateéd by Fabian and Pruehniewicz
ozone cémponent in 20°-40° band should be considered as a minimum. An upward
revision of the ‘30 day mean resideﬁce time would linearly increaée our estimated
ozone concentration. More wofk on the ozone mean fesidence time is essentially
to our improving the understanding of the origin of ozone.

We have not determined the 7Bg703 ratios in the southern hamisphere stratos-
phere. Application of our NH measurement in the SH presumes that the 7Be and
ozone vertical profiles vary in the éaﬁe way as they do in the NH. There is'
evidence that the ozone vertical profile are different in tﬁe NH and the SH27.A
Therefore, the validity of the NH measurements of:7Be/O3 in the SH requires
that the 7Be also show a variation similar to that of ozone. Assuming this to
be ;he case, we estimate a'stfatospheric ozone contribution of 10 ppbv for 10°-

40° s, which compares rather favorably with the observed ozone levels of 13 ppbv

for 15°-30° S and is half of the 20 ppbv concentration estimated for 30°-40° S.
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Conclusion
P e NI

The use of,7Bé concentrations measured at ground level with stratosphéric
7Be/03 ratios provides a‘technique for.determiniﬁg the étratospheric ozone con-
tribution to the troposphere; Qur calculations suggést that the stratospheré
_ét least provides half the tropospheric ozone. Furthermore, the stratospheric-

tropospheric'exchange rate in the NH is ™~ 2 times that in the SH.
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Jr., Erwin Lezberg, and Francis Humenik for their excellent cooperation’in
supplying the filters and the ozone data. Discussions with Dr. J. M. Matuszek,
Jr. are gratefdlly ackno&ledged.

This work has been partially'supported by the U.S. Department of Enérgy

under contract No. EE-77-4501 and the U.S. Environmental Protection Agency

Grant S-8059/3-01 (project director, Dr. B. Dimitriades).




References

1.

10.

1.

12.

- 13.

14.

15.

16.

17.

18.

- 19.

20.

21.

Crutzen, P.J., Rep. AP-12, Institute of Meteorology, Unlver51ty of Stockholm,
Stockholm, 1973

. Crutzen, P.J., Tellus 26, 47-57, 1974.

Chameides, W. & Walker, J.C.G. J. Geophys. Res 78, 8751-8760, 1973.

Chameides, W.L. & Stedman, D.H. J.-Geophysf Res. 82, 1787-1794, 1977.

Chameides, W.L. & Walker, J.C.G. J. Geophys. Res.‘§;; 413-420, 1976.

Fishman, J. & Crutzen, P.J. J. Geophys. Res. 82, 5897-5906, 1977..

Fishman, J. & Crutzen, P.J. Nature 274, 855-858, 1978.

..... -

(Springer Verlag, Heidelberg, 1767).

Lal, D. & Suess, H. Ann Rev. Nucl. Sci. 18, 407-434, 1968.

Maohta, L., List, R.J., Smith, M.E. & Oeschger, H. in Precipitation Scavenging
(ed Engelman, R.J. & Slinn, W.G.N.), 465-474 AEC Symposium Series 22, NITS,
U.S. Department of Commerce, Springfield, Va.), 1970. .

. Martell, E.A. & Moore, H.E., J. Rech. Atmos. 8, 903-910, 1974.

Reiter, E.R. Rev. Geophys. Space Phys.‘l§3'459—474 (1975).

Husain, L., Coffey, P.E., Meyers, R.E. & Cederwall, R.T. Geophys. Res. Lett.
4, 363-365 (1977). : '

Dutkiewicz, V.A. & Husain, L. Geophys. Res. Lett. 6, 171-174 (1979).

Reiter, R.; Kanter, H.-J., Sladkovic, R. & Potzl, K. USERDA Document- No.
NYO-3425-14 (1977).

Reiter, E.R. in Air Quality Meteorology and Atmospheric Ozone, STP633 (ed.
Morris, B.L. & Barras, R.C.), 506-519, (American Soc. Testing & Materials,
Phlladelphla, PA), 1978.

Danielsen, E.F. -J. Atmos. Sci. 25, 502-518 (1968).

Danielsen, E.F. & Mohnen, V.A, J. Geophys. Res. 82, 5867-5877 (1977).

Hering, W.S. & Borden, T.R., Jr. U.S. Air Force Cambridge Research Laboratories
Report No. AFCRL-64-30 (IV) (1967).

Dutsch, H.U. Adv. Geophys. 15, 219-322 (1971).

' Feely, H., Friend, J.P., Seitz, HL, Martin, J.D. & Erlebach W.E. Final Report

of Project Stardust, DASA-2166-3, Isotopes, Inc. - (1971).




22.

23.

24.

25.

26.

27.

28.

29,

30.

31.

~14-

U.S. Department of Energy, Environmental Measurements Laboratory Report

EML-342 (1978). T -

Hartwig, S. & Sittkus, A. Nature géla 36-37, 1973.

Shapiro, M. & Forbes, Resha. J. Geophys. Res.

. Bleichrodt, J.F. J. Geophys. Res. 83, 3058-3062 (1978).

Mahlman, J.D., Levy TI, H. & Moxim, W.J. J. Atmos. Sci., in press.

Gidel, L.T. & Shapiro, M.A., preprint.

" Beck, J.N. & Kuroda, P.K. J. Geobhys. Res. 71, 2451-2556 (1966).

Kurdda, P.K. Argonne National Laboratdry Report ANL-5920 (1958).

Fabian, P. & Pruchniewicz, P.G. J. Geophys. Res. 82, 2063;2072.(1977).

Hameed, S., in preparation.



-15-

Table 1. Site Locations and Sampling Times for Global 7Be Measurements

Site Location Years Sampled Reference
Nord, Greeunland 8204  17°%W 1970-1975 22
Thule, Greenland 779N  69°W 1970-1972 22
Barrow, Alaska : 719N 15690 1975-1977 22
Kap Tobin, Greenland 70 22% 1973-1977 22
Tromso, Norway ‘ 70°N  199E 1978 Ckx
Lerwick, U.K. , 600N 1oW 1978 *%
Eskdalemir, U.K. 550N 3% 1978 | okk
Orfordness, U.K. 52N 2°E 1978 k%
Milford Haven, U.K. 5200 5 1978 o
Chilton, U.K. ' o 52°N 19w 1978 **
Braunshweig © -52°%  10%E 1966-1968 - 23
Moosonee, Canada’ 51°%%  80%% 1970-1577 22
Freiburg-Schavinsland 480N 8°g 1966-1968 23
Moosonee, Canada - 51°% 80w 1970-1977 22
Helena, Montana 470N 1129 - 1973-1977 22
Whiteface Mounatin, New York 44N 749 . 1978-1979 This work
Salt Lake City, Utah 41% 1110W 1971-1975 22
New York, New York : 4198 74%0 1970-1977 22
BNL, Upton, New York 4198 73%- 1971-1978 *kk
Rocky Flats, Colorado 40°N 1059V 1972-1977 22
Sterling, Virginia : 399N  77% - 1970-1974 22
Richmond, California’ 3808 12299 1973-1977 22
Gibraltar ‘ . 36°N 6°W 1978 22
Fullerton, California | 340N . 118%W 1973-1975 24
Miami, Florida .26°N  80% 1970-1977 22
Bimini, Bahamas 26%0 7900 1970-1972 22
Hong Kong . 220N 114°C " 1978 k%
San Juan, Puerto Rico 189N  66°W 1970-1974 22
Balboa, Panama Canal Zone 9oN  80°W 1970-1976 22
Merida, Venezuela 9oN 719V 1972-1974 22
Singapure 10N 104CE 1978 *%
Guayaquil, Equador 2% 80%W 1970-1977 **
Lima, Peru . 1205 77°W 1970-1977 22
Darwin, Australia 1295  131°% - 1978 **
Tutuila, Samoa 149 1715W 1976-1977 22
Antofagasca, Chile . i 2495 70%u 1970-1977 22
Pretoria, South Africa 26°s  28°E 1978 *k
Easter Island 2795 109%W 1971-1977 22
Santiago, Chile . 3395 7104 1970-1977 22
Aspendale, Australia 38°S  145°E ©.1978. **
Ohakea, New Zealand 40° 1759 1978 TRk
Puerto Montt, Chile 4105 73 1970-1977 22
Punta Arenas, Chile 5395  61°W '1973-1977 22
Antarctica : 63%5  610W 1975-1977 22

*Sites given in Bliechrodc25 for 68°-429N are not duplicated here.

**pajrson Personal Communication.
*%x*Naidu Personal Communication.
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Figure_Céptions

Fig. 1. 7Be/O ratios calculate from measurements of simultaneous sampling

of particulates and in situ determination of ozone dufing October 1977 and
Febraury 1979. Vertical bars represent 1 0 uncertainties. Solid horizontal

lines represent average of 7Be/O3 ratios observed during the four seasons.

' Dashed lines represent calculated 7Be/O3 ratios from ozone measurements of

lo_and "Be measurements of Feely 35_31,12

Dutschll.and Hering and Bdrden,
In their experiments, 0,4 and 7Be-éampling was not carried simultaneously,

nor at the same locations.

Fig. 2. Meridional profile of annual average 'Be concentration in ground
L TV VR R

level air (< 2 km);. The solid line is a freehand curve through the data.

The short dashed extensions to the poles are extrapolations. The long

s

dashed curve is estimated tropospheric 7Be concentration as explained in the

text.
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Abstract

The transport time of‘stratospheric air.reaching Whiteface Mountain, New
York, was studied usiﬁg the activity ratios of cosmic ray—prodﬁced 7Be/32P.
The obéerved ratios can be expressed as a function of the fraction of observed
7Be which originated in the strétosphere and the time spent by the strato-
Spherié air parcel in the troposphere prior to sampling. Thus,‘for cases
‘where the stratospheric and.tropospheric_7Be components can be inferred and
the'stratospheric component dominates, the transport time can be determined
from 7Be/_32P activity ratios. For the summers of 1977 and 1978 and the spring
and the summer of 1979, 44 occasions when stratospheric air reached this site
were studied. The mean transport time was 7 days, but on most occasions the
time was < 5 days. For the éall of 1978 and the winter and fall of 1979, 12
cases were studied. The mean transport ﬁime was 16 days, but many occasions
.§qg§gstiné longer transport times were not included due to large uncertainties
‘in the 7Be/32P ratios. The transport times determined in this work are much
shorter than ghose estimated for étratosphefic—trdpoépheric'exchange occurring
via mean ﬁeridional circulation but comparable to travei times associated with
tropopause folding events. These results provide compeling evidence in support
of tropopause folding as the'predominént mechanism for stratospﬁeric-troﬁo—

spheric exchange.
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Introduction

Traﬁsport of stratospheric air into tfoposphere is accompanied by a
transfer of large amounts of stratospheric trace constituents, such as ozone,
bomb-produced fission pfoducts, and cosmic ray—ﬁroduged radionuclides. Since
the stratospheric ozone concentration is of the order of pafts per million,

it has been suggested [Danielsen and Mohnen, 1977] that transport of strato-

spheric air during the relatively rapid tropopause folding could significantly
increase ground-level ozone concentrations. We have demonstrated [Husain et

al., 1977, 1979, 1980; Dutkiewicz and Husain, 1979] the usefulness of the

. 7 . s .
cosmogenic isotope Be as a tracer of stratospheric ozone in ground-level air.
To accurately determine the stratospheric ozone contribution from 7Be

32 . N , 7 32
and ~“P concentrations, it is essential to know (a)the Be/O3 (and/or P/03)

concentration ratios in the stratosphere, (b)the transport time from the
' 2
tropopause to ground level, and (c) the removal of 7Be (and/or 3 P) aerosols

and ozone during the descent through the tropospheré. We have recently re-

ported [Dutkiewicz and Husain, 1979; Husain et -al., 1980] on the determination

7 : . . . X
of Be/O3 concentration ratios in the stratosphere. The transport time from
intrusion through the tropopause to arrival at ground level is likely to-vary
" from event to event and season to season. No direct measurements of trans-

port time are available, although Reiter and Mahlmen [1965] reported an inci-

dent of transport of radioactive fallout from the trOpopause to the grournd in
approximately 2 days. Recently, Danielsen [1986] has used isentropic trajec-
tories to trace back ip time aircraft observations of high ézone concentra-
tions at 5.4 km to the boundaries of the stratosphere. Danielsen [1980} de-
termined a travel time of 3 days for high ozone episode observed on a flight
from San Francisco, Calif., to Hilo, Hawaii.

The magnitude of the transport time bears directly on tﬁe mechanisms of

stratosphere-troposphere exchange; Mean meridional circulation and large-



A

scale eddy transport in the vicinity of the jet streams (tropopause folding)

are considered primarily responsible for most of the stratospheric-tropo-

spheric exchange [Reiter, 1975, 1978; Danielsen, 1968, 1980; Danielsen and

Méhnen, 1977]. However,'the relative importance of the two mechanisms is
still being debated. Danielsen>[l98OJ has estimated the transport time via
tropopause folding to be A 100 times faster than that by the .zonal-seasonal
mean circulation. Hence a determination of transport time is not only im—
portant for accurate determination of concentrations of étratospheric species
at ground-level but iﬁ bears directly on the exchange~mechanisms as wéll.v

In this paper we show that it is possible to determine transport time by
using two cosmogenic radionuclides of différent half-lives if their concentra-
tion ratios in the stratoéphere and the aerosol mean residence time are knoﬁn.‘
We have used our measurements of daily 7Be'and 32P concent:ations at Whiteface
Mountain, New York, to determine transport times. Since our techniéue uses
g:%gnd level measurements it can conveniently provide data on a continuous

year-round basis.

Experimental

The Whiteface Mountain field station is a weather observatory at the re-
mote summit of Whiteface Mountain (440N, 1.5 km), operated by the Atmospheric
Sciences Research Center of the State University of New York at Albany. At
the upper floor of.this observatory, total suépeﬁded partiéulate samples were
collected daily with high-volume air sampiers. Air Qas drawn in‘at the réof
through a 20-cm-diameter aluminum pipe, which was warmed with heating coils
during‘wintgr‘months té remove ice crystals. Four samplers were mounted
horizontally in a sealed, stainless-steel sampling chamber,‘shown séhemati—
célly in Fig. 1. Air entered the chamber through the inlet pipe in the roof
and was drawn through 20 x 25-cm Whatman 41 filters by one of the high-volume
blowers, which were run sequentially 24 h each (midnight to midnight in 1977

and 1978, and noon to noon in 1979). Sample inter--



ference was tested by operating a single sampler for 7 days, while the-rest
had blank filters. VThe blank filters had no detectable 7Be activity (<30
pCi); the sampled filter had.lGCO pCi 7Be. Té assure accurate air volumes,
each sampler was eqﬁipped with a Sierra model 310 mass-flow éontroller, set
at a flow rate of 1.3 m3 (STP) /min. Controller calibration was checked peri-
'odically by.measuring the pressure drop across a standard orifice and the
manufac;urgr's calibration tables, with appropriate corrections for ambient
temperéture and pressure. Absolute-uncertainﬁy in the air volume was esti-
mated to be * 3%.

7Be concentrations were determined by Y-ray spectroscopy of the whole
filter [Husain et al., 1977]. The uncertainty in 7Be concentrations is
generally within % IOZ,Aexcept for samples with Qery low:concentrations (< 50
fCi/m3; 1 fCi = 10—15‘Ci). After Y—couﬁting, 75% of each filter was dsed to
 detérmine 32P and 33P activity by low-level B-counting, after the phosphorus
was radiochemically separéted from the sample [unpubiished procedure]. |
Uncertaintiéskin 32P counts are within * 107 for concentrations > 3 fCi/m3,
approach * 20% at 1 fCi/m3, and rapidly increase fér lower éonéentratiohs.

The detection limit for 32P was generally 0.4 fCi/mB.
Transport Time for Air Descending from Iropbpausé to Ground Level

The interaction of cosmic ray protons and neutrons with oxygen, nitrogen,

. 7 32 . - .
and argon atoms in the atmosphere produces Be and “"P. Their activity ratio -

is expressed as

‘Be _ 7, _ Q. a-eMY
‘ ALt

“p Q35 (1325

(1)

' 2
where Q7 and Q32 are the production rates of 7Be and 3~P, A, and A32 are their

7




decay constants, and t is the length of time the air mass has been irradiated

by cosmic rays.

;in the stgatosphere t is 1ong compared to the 7Be and 32P half—iives,
sihce'the ﬁean reéidence time of aerésols is ~1 year [Reiter, 1975]. Hence
the ?Be and 32P activities can be safely considered to be in gquilibrium, and
(1) reduces to | |

%
U2

7R32(equi.1) = (2)

Approximately 90 measurements in the stratosphere by Feely et al. [1971])
yielded an average 7R

32

Peters [1967], using estimated reaction cross-sections and particle energy

ratio of 80. Theoretical calculations by Lal and

spéctra, yielded 7R32(e§ui1) = 160.  Considefing the.uncertainties involved
'iqmghe theoretical calculations, as well as in exberimental measuiements, the
agreement is excellent. Since‘the experimental measuremenf; involve fewer |
assumptiops, we shall use the measured 7R32(equi1) of 80 throughout this
paper. | |

Mixing is-far more rapid'in the troposphere than in the stratosphere.

Hence t is expected to be comparable to the 32P half-life, and equilibrium

7
32

R,, ratio as expressed by (2) will not be achieved. 1In addition to thev
tropospheric production, the observed 7Be and 32P concentrations include a

transported stratospheric component. In the absence of stratospheric air.the

observed,7Be'and,32P ratios in the troposphere can be expressed as

. A 1
A A, o+ =
Ry, = 37— ° |Ry,(equil) * 32—

' 32 A A

(3)

where T is the mean tropospheric aerosol residence time.



The mean tropospheric residence time has been measured using radon daugh-

ters, fissiogenic 89Sr and QOSr, or the cosmogenic 7Be and 32P [see, for ex-

amplg; Martell and Moore, 1974). The results tend to group according to the

Aradionuclides used: of the order of 6 days for radon daughters [Martell and

Moore, 1974], but about 30 days for fissiogenic 89Sr and 90Sr andlcosmogenic
7

Be and 32P [Beck and Kuroda, 1966; Bleichrodt, 1978]. Efforts have been
made to reconcile mean residence times obtained by different techniques. For
example, Kuroda et al. [1978] obtained roughly concordant residence times from

thelegsrlgosr and 210?6/210

Pb ratios in rain samplés collected at Fayetteville,
Arkansas. Gavini EE.él- [1974] showed that their éata for radon daughters in
sequential samplés in rainstorms are consistent with a 30-day mean aerosol
residencg time. Since this work ﬁses 7B¢ and 32? as tracers; the above argu-
ments are quite compelling in favor of a 30-day mean residence time. Insert-
ing in (3) the values T = 30 days, 7R32(equil) = 80, and the well-known decay
constants, .we obtain a tropospheric 7R32 rativof 38. The variation of 7R32
ratio with 1 is not linear. For exampie, T = 15 days will reduce 7R32 only
to 31, but at 7R32 =50, T ﬁill be 74 days, unrealistically.long for tropo-

spheric aerosols. As will be seen later, the observed 7R data are, in

32
general, only slightly affected by rela;i&eiy large_variations'of T.

A stratospheric air mass entering the troposphere will mix with tropo—.
‘spherig air dqring subsidence. The mixing of twé air masses with mean 7R32
ratios of 38 and 80 will produce an observed 7R32 ratio between 38 and 80,
dépending on the proportions of the stratospheric and tropéspheric cqmponents..
In addition, when stratospheric'air resides inthe troposphere for more-than

7 e . , .
a few days, 'R,, ratio in the stratospheric component will increase by a

32

factor eaT, where.a‘= 0 A7) = 0.035 and T is the time the stratospheric

32~




air has resided in the troposphere. The larger the value of T, thellarger

7R32 ratio becomes. Thus observed 7R32 ratios depend, not only on the rela-

tive amounts of stratospheric and tropospheric air present, but also on the

transport time of the stratospheric air parcel within the troposphere:

'7R - (A7)Qbs _ (A7)obs (4)
32 (A32)obs . (A32)strét + (A32)trop
" where A represents radionuclide conéentration in fCi/m3. Expressing A_,. in

32

terms of the respective 7Be concentrations and using 7R = 80 for stratosphere

32
and 38 for troposphere, (4) becomes .
7R' - (A7)obs (5)
32 (A7)strat‘+ (A7)obs - (A7)strat _ :
80 exp (aT) - 38 '

If £ is the fraction of the observed 7Be concentration which originated in

the stratosphere, we can write

_ (A7)strét _ (A7)obs - (A7)trop
P2 = ) 6)
7’ obs 77 obs
From (5) and (6) we obtain
7R32 = — I : A N
f “1-f :

80 exp (oT) & 38

From (7) i_could be determined from the measured values of 7R3£ ratios if f
_ is known.

Since f is the net fraction of stratospheric 7Be reaching ground level,
dilution need not be in one step but is permifted throughout subsidence in the

A : . 7 .
troposphere. The influence of transport time on _R32 ratios for selected



Values of f, is shown in Fig. 2. For example, for a stratospheric air parcel

~subsiding without dilution,_7R32 ratio would be > 80. On the other hand, for

a 50% stratospheric and 50% tropospheric air parcel, 7R ratio will not exceed

32
68 even after 70 days in the troposphere. For cases where f < 50%, meaningful
estimatés'of T can not be made.

To describe an air parcel as, say 907 stratospheric does not mean that

- 90% of the air is of stratospheric origin; rather, 90% of its 7Be content is

of stratospheric origin. To illustrate this point, Dutkiewicz and Husain

[1979] found an average lower stratospheric 7Be concentration at 34°-42°N to

be 4,200 fCi/m3. Let a stratospheric air mass beArepresented by this concen-

32

spheric air containing 50 fCi/m3 7Be (see discussion laterxr) and 7R32 ratio of

80, would yield a 7Be concentration of (0.05 x 4,200 + 0.95 x 50) = 258 fCi/m3.

tration and 7R = 80. A 20-fold dilution of such an air parcel with tropo-

Although stratospheric air contribution was only 5%, the stratospheric 7BeA
component (f) amounts to 81% of the resultaﬁt‘air mass. For such an air parcel
’R,, ratio will be 258/(2.63 + 1.25) or 66.

It is obvious that even very small amounts of stratospheric air can
seriously alter the tropospheric 7Be and 32P content, Tﬁerein lies the basis
of thé usefulness of cosmogenic nuclides as tracers of stratospheric air. As
pointed out earlier, to determine the transport time, T, from (7) it is
necessary to know f. This can be determined for individual cases from thé
measured Be concentrations if (A7)trop in (6) is known. Based on rather ex-
tensive 7Be data for both the northern and southern hemispheres, we have pre-
'Viously shown [Husain gg_gl,,.l980] the average tropospheric 7Be concentration
to be about 50 fCi/m3 at ~44°N. Theiaverage tropospherié 7Be component at
Whiteface Mountain can also be degermined‘from daily 7Be'and 32P measurements

32 5_40 correspoﬁd to purely tropo-

at this site., Assuming that days when 7R
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spheric air, we obtain an average 7Be concentration of 60 fCi/m3; This data
set corresponds to 90 of the 420 days'sampled- The two averages are in
excellent agreement. Since the lower value (SOlfCi/mB) is based on data ob-
tained globally over about 8 years, we will use it in this paper. However,

if we wére to use 7Be tropospheric component of 60 fCi/m3 the transport times
will ihcrease by about 1—3 days for T < 15. 1In isolated‘cases, when f ~0.S
the effeét!may be larger. These differences are not critical to the:méin con-

clusions of the paper,

Results and Discussion

Daily 7Be and 3 P concentrations and 7R ratios measured at Whiteface

32
Mountain in June-August 1977 and from June 1978 through December 1979 are
given by month in a supplementary table% In this total of 420 days 7R32 ratio

varied from ~20 to 250. The.frequency distribution of 'R, ratios for 1977-

32
79 is showﬁ in Fig. 3.

- In 1979 the 7R32 ratio distribution peaked at a lower value'(40-45) than
iﬁ 1977 and'1978. This suggests either a smaller stratospheric 7Be component
or shorter transport times for the stratospheric air during 1979. The average
7Be concentration was 100 fCi/m3'in 1979, as against 140 fCi/m3 in 1977-78.
However, the 1977 and 1978 data covered onl&(tﬁe summer and fall, so éhis com-
parison may be biased. Daily 7R32 ratios for June-October 1978 at San Antonio
Texas [Rusheed et al., unpublished daté], were generally lower than at

Whiteface Mountain. In 60% of the samples at San Antonio 7R ratio was < 45,

32
in‘comparison with 21% for 1977 and 1978 and 35% for 1979 at Whiteface Mountain.
Yet the maximum 7R32 ratio at San Antonio was 87, while at Whiteface Mountain

~10% of the 7R32 values were > 100, suggesting a smaller stratospheric flux

of_7Be at San Antonio during this period..

lThe supplementary table is available with the entire article on microfiche.
Order from the American Geophysical ‘Union.
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Daily 7Be, 32P, and 7R32 values can be used to deduce transport times

"from (6) and (7), as discussed earlier. Due to large variations in 7Be and

2 . e . ;
P concentrations and the resultant large variations in 7R ratios, not

32

all data will yield meaningful values dg T.  VWe shall therefore consider only

> 60 and the uncertainty in 7R32 ratio was < * 20%.

as given in Table 1, we used (7) .to

the 56 days when 7R32

Using f determined from (6) and 7R32
deduce the transport timeé, whiéﬁ varied frém‘l to 36'days (Table 1, Fig. 4).

- For 50% of the cases T was < 5 dayé; for 857% of the cases.it was < 15 days.

These results .suggest that relatively éﬁort transport fimes from troﬁopausé

to the ground are relétively common occurrences. It should be emphasized that

no realistic modification of any of the parameters in our formulation (7) Qill
qualitatively change our results (Table 1). For examble, if we were to in-

crease the tropospheric 7Be component from 50 to lOO fCi/m3 (wvhich we think
_foﬁ%é‘gross overestimation) the data in Table 1 will yield an average trans-

port timé of < 20 days.

This obsérvatibn could have a prbfound effect in determining whether the
stratosﬁhere—troposphere exchange occurs primarily via tropoﬁause folding
[Danielsen, 19681 or mean meridional motion [Reiter, 1975]. The tropopause
foiding events proceed rapidly, and air pafcels may reach ground level in a
few days. The stratospheric air parcel transported into the tfoposphere via
mean meridional circulation will take longer to reach ground level. Reiter
[1978) has estimated transport time via mean meridional motion in winter at
~50 &ays. Danielsen's [1980] estimate transport times of the order of 100 to
300 days. Our results are cieafly incoﬁpatible with such long transport times.'

Assuming that the tropopause folding events are associated with T < 15
days, such events occur at-Whiteface‘Mountain about 11% of the time, i.e.; 40 eyents/

yéar. If only 1979 data are considered (to minimize seasonal bias), there
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were 26 such events on 284 days éampled, or 33 events/year. This is signifi-
cantly higher thaﬁ the 22 and 23 events given by Reiter [1975] for the whole
North American longitude sector during 1963 and 1964, particularly since the
meridional profile of 7Be suggests that the maximuﬁ exchange of stratospheric
air occurs at ~30°N [Husain et al., 1980].

The lOngest transport times were generally Qbserved éuring September
1978 (Table 1). The averages were T = 16 days'for fall plus winfer aﬁd T=17
days for spring plus summer. However, there were many cases, primarily‘during
September 1978 and early 1979, where 32P concentrations Qere very low re-
sulting in high valqeé of 7R32 & 805. Due to the low 32P activity in these

samples, uncertainties in 7R32 are large (> * 207%) so they have not been in-

cluded in Table 1. Generally high 7R ratios will yield larger values of T.

32
For example, of the 50 days sampled during January and February, 1979, 21 had

7R§; > 80, and many were only lower limit results. A lower limit estimate of

T can be made with theée results by setting £ = 1.0 in (7). A value of T

> 20 days is 6btained for these 21 days. Thds, the transport of stratospheric
air to this site is slower by at least a factor of 3 during this périod com—
pared'to spriﬁg and summex months. |

For September-December 1979 7R and 'Be concentrations were generally

32

low, suggesting little stratospheric‘influx.' However, during September 1978

there were episodes where both 7R» and 7Be concentration were high. We will

32

look at these episodes in detail.

. c e .7 ' . 7 .
The daily.variations in "Be concentration and "R,, ratios for August-

32
September 1978 are shown in Fig. 5. On August 20 an unusually high 7Be con-

centration of 350 fCi/m3 was observed. The 7R32 was also high (72), suggest-




19, fits the measured 7R
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ing the presence of stratospheric air. 7Be concentrations exceeding 200 fCi/

m3, or about 5% of the stratospheric value [Dutkiewicz and Husain, 1979],

were observed on August 22 and on September 16, 18, 19, 23, 26 and 27. The

7R32 ratios were also high. From (7) we have determined the transport times

for the peak 7Be days in August-September, and from the transport times we

have back-calculated the days on which the stratospheric air entered the tropo;
spheré, (Table 2).

Our calculations suggest that air parcels entered the troposphere between
August 16 and 19. The August 20 sample yields a transport time of 1 day, pin-
pointing an intrusion on August 19.- Ihe samples cdllectea on September 13, .
14, 18 and 24 suggest intrusion during August 16-19, but the uncertainties in
the determination of T are sufficieﬁtly large‘that f;om September samples Qe

cannot pinpoint intrusion times a month before. If these samples originated

e

from the same intrusion, the August 20 samplé suggesté August 19
as the date of entry of the stratospheric air. |

fhe possibility that the September samples originated from the same intru-
sion finds support iﬂ the measured 7R32 ratios. In Fig. 5 we show a decay
curve for 7Be half-life 53.4 days/32P (14.3 days), assuming a stratoséheric
intrusion on August 19. This curve, which corresponds to the magimum 7R32
ratio possible for stratospheric air enteriné thé tfoposphere arpund August
39 dé;a fairly well, implying that a parcel of strato-
spheric air had remained relatively intacf in the tropoéphefe for about a .
month. Bécause'the‘uncertainties in 7R32 for September 5; 8, 15—17, and 23

exceed 20%, these days were not considered in Tables 1 and 2. However,

data for these dates agree with the decay curve in Fig. 5.
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On September 13-16 the 7Be concentration and 7R increased together

32

(Fig. 5), with 7R = 260 on September 17, when 7Be was 160 fCi/m3. On

32

September 18 "Be increased to 330 fCi/m3, while 7R324décreased to 140. On

September 19 7Be peaked at 350 fCi/m3, while 7R3é ratio fell to 70. The high

39 On September 19 suggests the arrival of a
7

fresh stratospheric air mass (Table 2), whereas, on September 15-17 'R, was

7Be concentration and falling 7R
32
consistent with stratospheric air which had been in the troposphere for 25-

30 days. These changes in 7Be and 7R on September 13-20 give the impression

32
of two separate layers of stratospheric air subsiding, with the bottom layer
(the one arriving first) having spent considerable time in the troposphere

prior to subsidence. A similar situation may have occurred on'Septembér 22~

28. Analysis of meterologic data aqut during this period may help to varify

whether a large, stable stratospheric subsidence had occurred, as suggested by

18 "Be and 'R.. data (Table 2, Fig. 5).

32

Conclusion
We have developed a method to determine transport times of stratospheric
air parcels from the tropopause to ground levél._ The method is based on

7 32 . . ' .
measurements of "Be-and P concentrations in aerosols. The transport times

are rapid (507% of the time, < 5 days; 85% of the time, < 15 days), although iso-

lated transport tiﬁes of about 30 days are observed, generally'during fall or
winter months. The transport times detefmined here are consistent with those
determined by Danielsen [1980) for tropopause folding evenfs, but ihconsistent
with times estimated for meén meridiénal motion; Our results suggeét trépo—

pause folding as the dominant mechanism for the mass exchange between strato-

sphere-troposphere, at least during the spring and summer months.
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TABLE 1. Estimated Transport Time of Air from the Tropopause to

Whiteface Mountain for Selected Days during 1977-1979

. TR "Be S .
Date 32 (fCi/m3) f (days) -
1977 .
July 20 63 250 ' .80 vl
21 70 270 .81 - 3
22 80 - 140 .64 27
24 65 210 V76 2
25 68 ‘ 175 .71 6
28 61 325 .85 a1
29 61 245 . .80 - LR
31 67 195 .74 4
August 3 66 190 .74 37
6 81 . 160 .69 20
7 62 . 165 .70 )
1978 ' : o S
June 4 65 205 - W76 ]
‘ 6 82 295 - .83 .8
16 98 185 - .73 © 31,
20 77 180 .72 13
‘ 7 74 185 . .73 10
-8 70 215 .77 4
12 82 200 75 14
19 99 230 .78 23
August 7 - 65 170 .71 4
20 72 350 .86 al
September 13 . 80 140 .64 27
. 14 89 ‘ . 160 .69 29
18 136 340 .86 30
19 71 370 .86 nv]
24 | 99 170 .71 %6
26 82 270 .81 10

]

1 1979 ) - ‘
January 19 62 175 .71 L]
February 15 111 ) 290 .83 23
. 18 - 78 185 .73 13

22 65 _ 185 .73 3.
March 3 87 245 . - .80 13
.17 60 10 - .55 10
27 66 245 .80 Al
April 10 - 60 110 - .55 - 10
S ¥ 61 - " 185 .73 il
19 61. 210 T vl
St 20 68 270 .81 . g
- © . May’ 5 67 140 .64 11
6 63 175 .71 2
. _ 28 61 110 .55 - 11
June 13 68 175 71 6
15 60 175 w71 Y
16 75 . 180 ) 72 12 .
19 67 .. 195 T .74 o4
27 64 - 215 RN vl
July 3 62 160 - T 69 2
7 68 .. 150 .66 L 10 .
9 65 - 170 A} -4
13 61. " - 190 - L Ta Al
2 62 210 - .77 vl
28 76 190 . ... .74 . 1.
August 12 75 . 150 - <66 18 .
September NONE ", . . : R R
October 18 61 - - 110 . . .55 .- e
November 23 © 64 140 s .64 - T

* . December NONE

- *When the transport time.is of the order of a few days, say I to..
3 days, the change in 7R32 ratio due to the decay of 52P and 7Be”
is relatively small. Consequently, the uncertainty in the deter-. - 7 |
mination of T is relatively large. We have indicated this by an “;'

approximate sign for all values of T = 1 day. .-

-y A 5 it A £ TR
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Tropospheric Entry Date for Selected Days at Whiteface Mountain

7 ' . . ’ .
Be Concentration, Transport Time of Stratospheric Air, and

‘Table 2.

7

Be . . T

: 7R 3 . - Date entering

Date (1978) 32 | (fCci/m™) (days) the troposphere
August 20 7 350 1 | August 19%
september 13 80 140 27 August 17
% - 89 160 29 hugust 16"
18 136 340 30 August 19”

19 71 370 | 1 September 18+
2 99 170 . 36 August 19"

26 82 270 10 September 16+

* : v
Within the experimental uncertainties of the measurements we may be sampling

one stratospheric intrusion around August 16-19, 1978,

fWithin the eiperimental uncertainties there may only be one intrusion occurring

around September 18,



Fig. 3. Frequency distribution of
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FIGURE CAPTIONS

Fig. 1. -Schematic of the high-~volume air sampling unit. (1) Observatory
roof. (2) Air inlet pipe. (3) Stainless-steel chambér. (4) High-volume
glowers. (5) 20 x 25-cm filter holders. (6) Mass—flow»controller probe. (7)
Ddor gésket.

Fig. 2. Variation of 7Be/32P ratios with transport tiﬁe for selected percent-
égés of stratospheric 7Be (g). |
A 7Be/32P ratios for June-August i977 and
June-October 1978 (lower histogfam) and fo? all of 1979 (uppef Histogram).
Fig. 4. Frequency distribution of>traﬁsport times (I) for stratosphericlair
to Whiteface Mountain‘for selected days (Table 2).

Fig. 5. Daily 7Be concentrati;ﬁ and 7Be/32P ratios for August-September 1978.
Periods of 7Be > 200 fCi/m3 are indicated by arrows. The ‘shaded portions of

the upper figure indicate periodsvwhen 7R > 80. The solid curve is the pre-

32
AiEEed change in 7Be/32P ratio for stratospheric air which entered the tropo-

sphere on August 19, as explained in the text.
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. Supplementary Tab]e Daily 7Be and 32P Concentrations
and 7R32 ratios for 1977-79 at Whiteface Mountain
7Be 32pa 7‘R32 786 32Pa 7R32> 7Be 32'Pa ' .7R3'é
by (fCi/m®) (fCi/md) (fci/m’)  (fci/m’) (fCi/md)  (fcimd)
JUNE 1977 S JULY 1977 . ~ AUGUST 1977 _
. | 205 240 4.8 49
2 110 | 170 3.8 45
3 350 | 1% 2.9 66
4 260 . ~ 175 4.9 36
5 225 95 2.4 39
6 200 160 2.0 81 -
7 80 - 165 2.6 62
3 45 - 105 2.9 36
9 100 -
) 110
nm 135 . 49
2 170 2.9 59
13 - 235 S
1 e : - .. 125 2.5 51
15 500 B ,- o | 100 1.3 76
5 505 '
7 275
' *3 100 |
' ) 110 ’ 295 5.4 55
- 20 70 250 4.0 63
’ ! 135 270 3.8 70
22 105 140 1.8 80
l 3 .80 155 2.9 55
2 205 . | 210 3.2 65
s 205 | . 175 2.6 68
% 120 | |
}“ 7 185 : 130 2.8 47
.3 355 | 325 - 5.3 61
o9 140 245 4.0 61
) 130 . 1.3 6l
i | 2.9 67

3 o » o195




Supplementar o ' ' | ‘ o
- Table (con't{ : _ . e

45

Y . JUNE 1978 _ JULY 1978 . AUGUST 1978
| 35 | | o 100 1.7 58
2 150 2.9 51 | 120 2.2° 54
3 | 225 3.0 m7 70 2.4¢ 29
4 205 3.1 65 | s 100 2.8 35
5 205 <1.8 | | 130 2.5 52
6 295 3.6 8 . 200 3.0 67 1o 1.2 ms
7 75 o0 75 s 2.5 74170 2.6 65
8 45 0.5 . 90 215 3.1 70 65 1.3¢ 50
9 | - 45 1.6 27 95 1.6 61
0 260 1.8° 140 95 1.1° 85 55 1.50 38
8 230 4.0 58 50 <0.7 155 2.7 58
"2 230 » 195 2.4 82 70 1.7 40
3 20 <0.4 235 4.0 59 - 145 5.8 25
14 110 <0.4 160 3.6 45 135 2.8 48
5 190 1€ 72 s 3.0 49 170 3.1P 54
16 185 1.9 98 170 3.4 50 145 2.8P 51
7 150 3.9 38" 125 2.1P 59 25 0.9 . 31
18 110 2.9 38 220 3.7 59 145 2.2b 66
9 60 - © 230 2.3° 99 150 2.9
20 180 2.3 77 300 5.1P 59 350 4.9 72
1 230 5.2 44 210 4.1° 51 165
. | 190 1.8 a9 240 |
"3 10 2.7 N 100 2.5 39 165 3.3 51
. 235 1.0¢ 234 150 <0.8 150 1.4° 34
25 180 4.1 43 155 2.5 61 - 35 <0.4
6 150 2.8 5% 175 4.0 44 105 1.8° 57
27 150 3.0 51 s - 2.8 a1 s 140 90
8 120 1.3 o 55  <0.6 95 1.5P 62
29 105 0.5° 130 | |
0 65 BRL 57 |
51 105 0.9 14 120 2.7°

52 -



Supplementary
Table . (con't)

. SEPTEMBER 1978 A "OCTOBER 1978  NOVEMBER 1978
| 15 1.9 60 55 1.1P 53
> 170 3.4° 50 75 1.3° 59 180
| 130 5.4° 24 72 0.9° 76 190
4 105 1.3b 78 45 0.7¢ 63 215
2 145 0.9 160 40 0.5° 84 |
6 145 2.7 54 60 1.8 32
' 30 0.80 39 <7 <0.5 | 110
3 130 - <1.4 . <16 <0.4 95
) 60 0.95 65 55 0.8 69 160
) % - 1.5° 60 700 1.9 37
1 | 30 . 1.2 25 175
z 40 <0.4 165 5.1 32
13 140 1.8 80 50 2.1P 24
I 160 1.8 89 <9 <0.4° 25
15 170 0.9> 190 45 1.3 35 90
215 1.4b 155 110 1.6° 70
Y 160 0.65 260 60 0.7 81 220
3 340 2.5 136 85 2.2 39 20
- 370 5.2 71 85 1.5 56 80
~y 165 2.8 59 115 1.8 64 185
| 60 0.8 74 120 1.6° 75 150
2 40 0.4° 88 175 3.70 47 155
. 280 1.1° 250 " 50 : 95
24 170 1.7 99' 15 - ' .
T | 130
26 270 3.3 82 - - 50
205 3.8 54
¢8 40 0.6 63 25 | |
| 65 1.5 45 70 120
S 00 3.4 30 | |

21



Sup
Tab

Day

0O ~N O 0 AW N

COH

ementahy

fo*

DECEMBER 1978

110
215
40

70
25

100
45
- 85

55
80

40 -

190

40

35

55

75

10
45
110
100
85

80

175

35
140
80

15 -
<5 -

15
<5
.10
10

15

JANUARY 1979

O O O PO =

Gl 1 01 00 ~N 1 O O ~ O

O T

(9]

(g]

(9]

(9]

236

69

20

165

132

62

230

130 -

FEBRUARY 1979

30
30

125

65
75
135

120

50
60
100
125
95

135 -

220
290
140
140
185
190

160

75
185

65 -

40

45

<5

130.

o o

-—
O’\(IDU_O\mOO-bUﬁ

=Y
(o]

o

o

00 O O O & 0O 00 O ~H W N 00~
o N -

~N

O O O — N — W H N O O N —~ —
o o

o 0 ™
o

A

~N
=Y

o o

o

123
65

152
145
144

157

102
155

111

175

175

78
47
45
75 .
65
54
52
56

54 -



Supp]erﬁéhtary
Table (con't)

-—
[o0]

w
et

N MARCH 1979

~ APRIL 1979 " MAY 7979
| , 40 0.9b
2 50 1.1° 46 <6 <0.4 145 3.3
3 245 2.8 87 105 1.6 66 65 1.0°
4 40 <0.8 85 1.5 55 55 0.9°
5 8 <0.4 50 B I LT 140 2.1
6 110 1.5 72 20 0.6 33 175 2.8
7 50 1.3 39 1 25 <1.3 160 2.8
8 40 1.0 40 215 <9 <0.4
9 60 0.9¢ 65 150 2.9

0 55 1.0b 53 110 1.8 60 25 0.6b
1 55 0.8 66 95 1.9 50 - 145 2.9
12 160 2.8 56 60 1.1 55 45 0.9P
13 85 1.4b e 105 1.6 66 90 2.0
14 75 1.4> 55 35 165 3.2
15 90 1.5 73 25 <1.0 120 2.6
16 80 2.5 31 30 <0.4 75 1.3b
17 110 1.8 60 185 3.0 61 220 4.1
135 1.5 g9 180 30 59 90 1.5b
19 120 . 0.9° 136 210 3.5 61 30 0.6°
20 65 0.9 73 270 4.0 68 85 2.2
21 70 1.0° 70 240 4.5 53 . 105 2.1
22 90 3.5 25 110 2.5 44 200 3.7
23 115 2.2 53 95 2.5 39 180 4.2
24 15 3.7 30 180 4.1 a4 50 0.9
25 35 0.9° 35 170 3.2 53 70
26 75 2.3 33 90 2.3 40 10
27 245 3.7 66 14 <0.4 80 1.7
28 205 6.7 30 70 | 110 1.8
29 40 - 95 3 4 95 2.1
30 25 125 . 59 60 1.6
195 2.6° 75 | 85 1.8

47 -
44

65
61

67
63
57

51
40
49
49

45

52
46
58
53
61
52

39
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46
39
48




Table

0 ~N O B W N —

N NN e o et e o e e e e
N — O W 0~ o OB W RN — O W

Supp]ementary

(con't)

105
155
185 -
235

175

55
150
135

65

. <50

70
175
185
175
180

200

95
195
160
195
175
<55
<65
155
155

215

180
160
100

W D W N
N A = sN

A 1A A 1A
W OO WWw W NN WRNWWRNO O =N W —

W B OO N O N W RO N O BN

NOWw N W

JUNE 1979

PH WO O~
(]

o O N b

48
46
45

43

47

33
49
46
47

68 .

50
60
75
52
43
67

50

51

48

46

64
49

53

50

75
160
70

130
150
170
170
190

90
130
190

160 -

85
120
100

150

200
230
250

210-

230
180
30
80

- 90

190
150
110

95

o N

LD WD R DN NDNNDWW NN L NN N

N W W N~ —
R S - - T )

JULY 1979

D DNy = = NN O OO 00N =N

- 54

62

80

54

68
55
65

51
45
46

61
44

42.
44

45
58

49

56

53

62
56

s

44.

49
76
48

31
-39

AUGUST 1979

140
60
160

180
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SEPTEMBER 1979 OCTOBER 1979 NOVEMBER 1979

50

41

41
52
38

—t ——d ettt
B N =)

o
~N O

W N NN DN DN NN
O W O ~N OV O B W N —~ O W

1 130 3.4 38 120 2.9 a0 80 1.8°
2 75 1.5P 49 1300 . 2.9 - 4 60 <0.6
3 55 o 60 | : 55 1.1°
4 80 2.2 36 100 2.5 40 55 1.3°
5 105 3.0 35 40 0.9° 45 120 2.9
6 <15 4 70 1.6P 43 45 0.9"
7 90 1.3° 70 <15 <0.4 55 1.4°
8 45 0.5° . 86 20 <0.4 ~ 110 3.0
9 105 1.8 58 20 . <0.4 <M <0.5
50 1.1° 47 60  1.0° 59 55 1.0°
25 <0.4 s P 43 110 2.5
115 5 33 <15 <0.4 | 120 1.3°
100 2.0 49 <9 <0.4 40 - 1.0P
S5 <0.4 | <25 <0.4 . 30 1.0°
15 40 0.7 59 <10 <0.4 30 1.2°
95 1.8° 64 60 1.4b 44 <13 <0.4
1100 2.1 49 55 1.2° 44 25 0.5¢
'8 75 1.8 41 110 1.8 61 120 2.7
95 2.5 38 85 .22 7 140 3.3
135 3.4 40 110 2.0 55 80 2.0
140 2.5 56 140 3.3
70 1.1 64 95 1.6° 59 . - 30 - 0.5
120 .2 55 70 1.4 a9 140 2.2
125 .8 44 <7 <0.4 70 1.1°
o< <0.5 - 40 0.8
140 3.3 42 <10 <1.0 <10 <0.4
115 2.1 54 60  <0.5 110 .1
110 2.4 47 . <10 - <0.4 25 7°
95 2.2 43 20 0.6° 37 <10 <0.4
g5 1P 79 40 1.0°
31 9

140 2. 48
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- aUncertainty <j;15% unless otherwise shown.

:‘bUncertainty; + 15 to + 30%.

Uncertainty >+ 30%.
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DETERMINATION OF TOTAL PARTICULATE SULFUR

AT WHITEFACE MOUNTAIN, N.Y., BY PYROLYSIS MICROCOULOMETRY

EDMONDO CANELLI and LIAQUAT HUSAIN
. Division of Laboratories and Research, New York State Department of Health,

Albany, New York 12201 -

-éEEEEEEE~' iotal particulate sulfur (T?S) in air samples can be detgrmined by
- teéhnique based on thermal volatilization at'10000C, followed by controlled
oxidation of sulfur cémpgupds to 802 ana coulometric'titration of SO2 with
iodine. . Calibration curves are linear withih 5% from O.i to 10 ug S, tﬁe
detection limit is 0.10 pg S (equivalent to 35 ﬁg S m’_3 when 20001m3 of air
ére filtered), and the relative standard deviations (n = 10) are 48 and 5.1%
at the 0.10 and 4.0 pg S 1evgls. Recoveries for 20 organic and.inorganic
‘compounds, including refractory éulfates, elemental sulfur, sulfides, sulfites,
sulfonates, and sulfones, vary from 79 to 88%. No interferences are observed
for a number of non-sulfur-containing compounds, including nit;ates, benzéne,
acetone, glﬁcose, cellulose, silicates and carbonates; The technique was also
used to determine the presence of non-sulfates aﬁd of non-water-soluble sul=~
fates. Both TPS, using this technique, and water-soluble sulfate (WSS), using
‘the methyl th?mol blue method, were determined in daily air partiéulate sam-
ples collected at Whiteface Mountain, N;Y. during both winter and sﬁmmer.
Comparison of TPS and WSS values showed that WSS could usually account for

~all of the sulfur present in the samples. Occasionally during the summer

Disclaimer

Mention of trade names or commercial products does not constitute endorsement
or recommendation by New York State. '



months, however, elevated TPS values indicated the presence of sulfur in ex-
cess of the WSS value. The TPS concentrations ranged from 0.1 to 9.7 ug S m_3
and the contribution from acid-soluble sulfites and sulfides, elementai sul-

fur and volatile, S-containing organic compounds was negligiblé (<0.05 ug S m—3).

INTRODUCTION

\/\/\_/\/\

Sulfur is an importantlcomponent of tropospheric aerosols occurring -
primarily in the fine-particle fraction (Stevens énd Dzubay, 1978) —Aas‘(NHA)ZSOA,
NHAHSO4’ and HZSOA’ but sUlféteé of Na, Mg, Qa and Zn have‘also been.
idenﬁified (Charlson et al., 1978). Organic sulfur compounds Suﬁh as alkyl
hydrogen>sulfates, sulfonates,.thiosulfates and dithionaté compounds may
.additionally be present (Charlson EE.EL-: 1978). Only cqncentrations of wéter—
éoluble sulfate (WSS), however, have beeﬁ extensively studied (e.g. Brosset
et al., 1975). Determination of WSS by an analyticai.téchnique such as the
methyl thymol blue method (Lazrus et al., 1966), when pombined with fotal
particulate sulfur (TPS) determination, would yield the concentration of non-
WSS fractiom.

Sensitive instrumentation for determining TPS has béen developeq fairly
recently. The most common instrumental methods are bésed on either energy-
dispersive X-ray fluorescenée spectrometry (Goulding and Jaklevic, 1973;

Loo ‘et al., 1978) or on thermal volatilization followed by flame phétometric
:determination (Mudgett et al., 1974). The latper type of procedure, althougﬁ
particularly promising for in situ aerosol analysis, may suffer from incom-
‘plete reéoveries (Newman, 1978). In the former technique sample matrices may
cause errors.due to X-ray attenuation, especially when‘high—volume samples are

used to collect the aerosols.




Pyrolysis-microcoulometry has been successfully applied in the petroleum
industry (Killer, 1974; White, 1977) to determine trace amounts of sulfur in-
organics. In this work we report a simple procedure utilizing pYroLysis—micro-

coulometry to determine the TPS concentrations in air particulates collected

at Whiteface Mountain, New York. The procedure is rapid and suitable for

small samples (30 mmz), and it offers the potential of determining sulfide

and sulfite fractions.
EXPERIMENTAL

Materials and Methods

4 Reagent—gradé chemicals wére used throughout. Deionized, distilled
water was used to prepare réagents and tesf solutions. Compound§ insoluble
in water were dissolved in benzene. lNHz(CH2)2803H (taurine).and Nazso4 were
selectéd as calibration and control compounds because they can be obtained
in very pure form aﬁd their.aqueous solutions are stable over a long period
of time. In addition Na2804 is a very refractory sulfgr compound, and‘sul—
fonates and sulfates are probable components of atmospheric particﬁlates,
Calibration solutions containing 200 to 300 ng S/uf were stored in closed
glass vials at 4°¢ (NaZSO4)(or -10°¢ (taurine) for up to 1 month without
measUraple changes in conceﬁtration. The remaining solutions were tested
within 30‘min of their preparation. Calcium carbonate, sodium silicate and
cellulose were added directly to Blanks or samples without prior dissolution
in a solvent. An aqueous solution containing 40.0 mf of glacial acetic acid

and 40.0 g of glucose per £ was used to acidify the sample and to obtain a

: L. o] . . ‘
source of excess C, which at 1000 C optimizes recovery of sulfates. The

- titration electrolyte was prepared by dissolving 5.0 ml of glacial acetic



acid, 5.0 g of KI, and 6.0 g of sodium azide in distilled water and diluting

to 1 £. Atmospheric particulatés.were collected on 20 cm X 25 cm Whatman 41
.filper paper using high-volume samplers. Apptoximately 2000 m3 of'air.Were
filtered[ip a 24~h collection period (Husain and'Samson, 1979). For the WSS
determination, a 4.0 cm X 4.0Acm section of the filter was extracted with

50 mf of distilled water at 85-95°C for 3 h. The.aqueous extract was,analyzed'

for sulfate by the automated methylthymol blue method (A.P.H.A., 1975).

Total Particulate Sulfur Determination
‘Sulfur compounds present in the total suspended particulatés are pyrolyzed
at high temperature and preferentially oxidized to SO2 in presence of 02.

SO, is measured in a titration cell according to

2 .

2-

02 4 + S0,

HZSO3 + 12 + H2

+ 21 .
The current required to produce the titrant 12 is a direct measure of the
amount of 802 present in. the titration cell.

fhe Dohrman (Doﬁrman, Santa Clara, California) apparatus used in this
work (Fig. 1) consists of a sample inlet, a furnace fitted with'a quartz
pyrolysis tube aﬁd providing three independently controlled heating zomes,
a titration celliand an integrating microcoﬁlometer directly providing digital
readout (in ng of S). The'furnace is operated at 1000 * 10°C in the inlet
and center zones. High-purity He is passed throuéh the inlet zoﬁe at 50 mf
'minfl, and 02 is injected into the center zone at 10 ml min—lfl

For TPS énalysis filtefAdiécs approximately 29.7 mm2 are placed on a
piatinum boat and insertéd into the injéctidn module. The system is closed,

20 1l of the acetic acid-glucose solution is added through the septum and

the sample is heated to ™ 30%C. At this stage st and 802 are liberated from




the sulfides and sglfites and'analyzed inlthe titrafion cell. After
2 min the sample is advanced into the dryiﬁg zéne (125.i.5°C),'where water,
vblatile organics, elemental sulfuf and.any remaining HZS‘and SOz-are volatil-
izéd. After 2 ﬁin the sample is moved into the pyrolysis zone, where all ré—
maining sulfur compounds volatilize, including refractofy sulfatesl(which
probably undergo prior reduction to.SO2 in the presence of ekéess of C pro-
duced by the flash carbonizétidn of the cellulose discs and the ;dded glucose).
Sulfur—contaiﬁiﬁg vapors and gases are carried into the cenfer oxidation zone.
‘SO3 yield is minimized by high C and low O2 coﬁcent;ations and high fempera—
ture. The 502
5 min,zor ﬁntil the counting rate decreases fo less than 5 ng minf;;
After'evexy 10 samples the electrolyte‘is replaéed gnd blank and contfol
samples are analyzed to monitof instrumental perfopmance} Two- to 20-uf test
solutions are injected onto blank or sample discs just prior to the addition’
of the acid-glucose solution. Benzene is'ailowed to evaporate at 30°C before
additién of the acetic acid—élucose solution. The-system is calibrated daily
with duplicate anélyées of sodium sulfate and tauriﬁe standards containing
ZOdO to 5000 ng S. Linearity wifhin the analytical range'is coﬁfirmed weekly
Sy analyzing 100, 500, 1000, 3000, 6000 and 10,000 ng S of eaéh standard com-
pouﬁd. Sample controls (1ow'and high S contents) and spiked Sambleé are also

periodically tested to monitor instrument performance.

Recovery Studies

The high pyrolysis temperature (1000 = 10°C) and the relatively low
oxygen flow rate (10 mf min—l) were selected to optimize recovery of inorganic

and organic sulfates. The low temperature (700—7200C) recommended by White

is then titrated with Iz. The sample is pyrolyzed for at least



(1977) to thaid nearly 100% recovery for several organic sulfur'compounds is
unsatisfactory for refractory sulfates such as NaZSOA’ CaSO4 or MgSOA. In
preliminary experiments at 800°C and without cellulose and glpcosg, reccveries.
for sodium sulfate and methyl cotas31um sulfate were <1 and 32% respectively
Recoveryiincreased to 72%, however, when ﬁaz A was pyrolyzed on cellulose
‘discs after addition of the acetic acid-glucose solution. Similar low sulfate
recoveries were obtained at 1000°C when the oxygen flow rate was 1ncreased or
when O2 was injected in the inlet zone. The om1551on of glucose also ieduced
fecoyery of NeéSO4 to 61% at lQOOoC.

Twenty inorganic and crganic sulfur compounds, including‘sulfuric acid
and . sulfates previously identified in tropospheric particulate samples
(éharlscn et al., 1978), sulfur, sulfides,‘suliites, thiosulfetes, sulfodates
and sulfones were analyzed with or without suspended air pafticulates. 'When
standard solutions of these compounds were added to bladk celldloee discs,
mean recoveries of ddplicate determinations varied from 79 to 88%, witﬁ'in—
dividual values within 3.0% of the mean (Table 1). Recoveries for spiked
samples were within 3% of those listed in Table 1. Some of the compounds
tested produced detectable signals at 30°C (acetic acid - glucoée etage) or
125°¢C (drying stage). As‘expected, at.30oC, sodium sulfite and sodium sulfide
were partially reccvered id 2 min (16 and 23%). Reccveiies of sulfite and |
- gulfide increased to 38 and 48% after 6 min id the 30°C zcne. Longexr times

in this zone (10-15 min) did not increase significantly recoveries, indicating
that different conditions are necessary for optimum recoveries of acid-soluble
‘sulfites and sulfides. The incomplete fecoveries,at l250C (58 and 50%)
probably‘resulted from partial oxidation to sulfate under these conditions.
Diethyldithio sodium carbamate was also partially recovered et 30 and 125°¢C

(17 and 68%).




To assess possible interferences by common inorganic or organic compounds,

blanks, samplee and standards were supplemented with various amounts of
selected’sompounds. Cellulose, acetic acid, glucose, stearic acid,Asoddﬁm
chloride, nitric acid, calcium carbonate, benzene and acetode did not inter—:
fere at the levels listed in Table 2.

L1near1ty within the analytlcal range (0.10 to 10.0 ug S) was conflrmed
by analyzing six sodium sulfate or taurine standards. The detection limit,
" defined as the amount of § detectable with a reldtive standard deviation of.
56% (n = 10), is 0.10 pg S, which is equlvalent to 35 ng S m -3 when 2000 m3v.
of air are filtered. The relatlve standard dev1at10nc for two partlculate

samples containing 0.10 and 4.03 ug S (0.06 and 2.84 yg S m—3 air) were 48

" and 5.1% respectively.

Sample Uniformity

‘Since the filter discs analyzed for TPé are a very small fraction of the
total filter, are they quantitatively representative of the aerosol collected?
To check this we measured TPS in 10 discs punched out at random from the
particulate ‘sample collectednon 27 June, 1977. The measured. concentrations
were 2.88, 2.965 2.63, 2;90, 2.54, 2.80, 2.94, 2.72 and 2.71 ug S m—3. The
average, 2.80, agrees with the WSS valce determined on a 4.0 cﬁ x 4.0 cm piece
of the same filter. These data strongly'suggest that the 29.7—mm2 discs con-

stitute representative samples for the TPS measurements.

RESULTS AND DISCUSSION

S \/ —— e ——— T~

To check for the presence of non-WSS species, measurements of TPS and WSS were
carried out on 125 particulate samples collected at Whiteface Mountain (Fig. 2).

The 'sul fur concentrations ranged from 0.1 to 9.7 ug m_3. Contribution from



aéid—soluble sulfites and sulfides, elemental sulfur and volatile sulfur-con-

taining organic compounds was below the maximum analytical background level of
80 ng S (signal at 125°C), indicating that this S fraction was lower than
~ 0.05 ug's m—3. Overall the TPS and WSS concentrations are in excellent

.

agreement. A linear relationship‘between TPS and WSS is expressed by
WSS = 0.95 TPS — 0.16 ug S m . A 1

with a correlation:coefficiént of 0.972.

Stevens and Dzubey . (1978) compared WSS and TPS (by EDXRF) values for
fine~ and coarse—particleAsahples. Theyvalso found excellent agreement be-
tween tﬁe two sets of values (correlation coefficient, 0.997) in the fine-
particie fractions, but in -the géarse fractién the TPS Qalues were consiaerably
greater than fhe correspoﬁding WSS. TheAcalculated linear regression (1)
may suggest the presence of a small non-WSS sulfﬁr fracfion. It may also, B
however, simply refleét a slight negétive bias of the water—extraction pro- T
cedure, especially at low concentrations.

Several non-WSS sulfur épecies have been detected in atmospheric aerosbls
(Leé et al., 1976; Charlson et al., 1978). Water—insoluble sulfates such as
CaSO4 may be introduced into the atmosphere by wind-erosiOn.of gypsum'depbsits
or by industrial pollution:. Formation of sulféte esters, sulfénates and sul-
fones is also probable by reaction of HéSOA and SOz'with olefins, alcohols‘
and other reactive organic compéunds that céexist4withvsulfates in tropo-

spheric aerosols (Charlson et al., 1978). Polycyclic, S-containing aromatic

naphthobenzothiophéne can also be introduced into ambient air from incomplete
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compounds such as dibenzothiophene, its methyl and ethyl derivatives and

combustion processes or from coal, carbon black or automotive tire dust
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(Lee and Hites, 1976; Kwan and Yem, 1979)7 The toxicity of these non-WSS
compounds may be much greaﬁer than that of WSS species. 1In general, howevef,
the contribution of this sulfur fraction to the TPS value is expectéd to be
small'since common oxidativé>pryolytic processes probably produce'mainly WSS
species, particularly ammonium sulfates (Charlson et al., 1978). Thus the

. situation.TPS>>WSS would be expected only occasipnally, associated with
specific poliution episodes or emission sources.

‘.During June 1979 we carried out particplate sampling for 6-h periods on
several days. The TPS and WSS measurements‘are in excellent agreement over-—
ali (Table 3) suggesting that WSSlcgn account for all of the sulfur present'in
aerosols. However,va-marked disagreement is observed in a sample éollected
on 16 June between 1200 and 1800 (EDT), and another, smaller discrepency is-
obsérved in a sample collected on 18 Juné between 0600 and 1200. ARepeated
analyses on the 16 June sample by both techniques used in this work.corrobo—
rated thelmeasurements given in Tabie 3. Although this disagreément between
the TPS and WSS concentrations suggests the presence of a relatively high
non-WSS sulfur fraction in these samples, such‘exceptional TPS vélues cannot
be satisfactorily explained on the basis of the available data. Additional
chemical and perhaps microséopic analyses could have assisfed in characterizing
the non-WSS species, but our sample, unfortunately, was insufficient for these
tests. |

'In summary, the dété presented in this work suggest that even at a
forested site'such.és Whiteface Mountain, WSS can accéun£ for essentially_all
of the sulfﬁr observed. Occasionally, however, non-WSS may also be present.

The new TPS method proposed here is rapid, simple and precise. When used in



combination with a WSS'pfocedure it is also useful for determining non-WSs

"sulfur species, which may aid in the identification of pollution sources and

in the assessment of toxicologic potentials.
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Table 1. Recovery of typical inorganic and organic sulfur compounds

Mean recovery (%)

3.5

Compound ug S 30°¢ 125% 1000°c
'Ammonium(sulfate .2.85 <1.0 <1.0 81
Calcium sulfate 2.00 <1.0 <1.0 84
Magnesium sulfate 2.73 <1.0 <1.0: 86
Sodium sulfate .3.20 <1.0 <1;0: 83
Sulfuric acid 1.60 <1.0 <1.0 84
Sodium sulfite 3.20 16 50 83
Sodium thiosulfate 4.40 <1.0 5.6 80
Sulfur | 8.00 <1.0 69 81
Sodium Sulfide 2.20 23 - 58 82
Benzene sulfonamide 2;20, <1.0 -7.0'V 84
ADibenéothiéphene 3.30° <1.0 >68' | 84
Diethyldithio sodium carbamate - 3.50 17 68 80
Fenylsulfone 2.70 <1.0 54 81
ﬁercaptoethanol 1.86 <1.0 61. 80
Methionine 1.90 <1.0 <1.0 79
Methyl pdtassium sulfate 2.80 <1.0- <1.0 79
Sulfanilic acid 1.34 <1.0 <1.0 87
Taurine 3.60 <1.0 <1.0 81
Tﬁiophene 4.10 ‘<l.0 86 88
Thiourea- 5.04 <l.b .81




Table 2. Selected compounds which do not interfere with
determination of total sulfur in air particulate samples

Amount added

Compound. . » ’ (ug)
Nitric A'c.id | | | B :16
] ' l ' Sodium Chloride . : : . 16
{ Calcium Carbonafe ‘ --.A} c 50
‘ Cellulose : 4 _. : S 2500
© Acetic Acid o 800
Glucose o o | 800
lsfearié Acid o | . 50
: Sodiuﬁ Silicate ' : | | , 150'
 Beﬁzene A ' : | ‘ 1800

Acetone . . 800




Table 3.

Determination of sulfur concentrations in 6-h samples

collected at Whiteface Mountain during June 1979

1800 -

2400

TPS WSS

Date Time, EDT (pg S m_3) (ug S m—3)
15 June 0000 - 0600 7.7 6.4

0600 - 1200 8.0 7.4

©1200 - 1800 9.9 9.9

1800 - 2400 6.7 6.6

16 June 0000 - 0600 . 8.5 8.1

0600 — 1200 6.8 6.2

1200 - 1800 9.0 1.6

1800l—.2400 ' 9.1 8.0

17 June 0000 - 0600 8.9 9.7

0600 ~ 1200 . 8.4 8.8

1200 - 1800 9.7 10.4

1800 - 2400 7.6 8.0

18 June 0000 - 0600 9.6 10.8

0600 — 1200 4.4 1.5

1200 - 1800 0:6 <0.2

1800 - 2400 0.3 ' <0.2

22 June 0000 - 0600 3.8 3.0

o 0600 - 1200 2.2 1.6

1200 ~ 1800 5.5 4.8

2.9

1.9




Fig. 1.

Fig. 2,

FIGURE LEGENDS

Analytical apparatus for the determination of total particulate
sulfur.
Comparison of water-soluble sulfate (WSS) and total particulate

sulfur (TPS) concentrations in 125 samples collected at Whiteface

Mountain, New York.
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Abstract - Ninet?-four samples of air partiéulates collected during'the SUmmers
of 1975-1977 at one remote, two rural and one urban site in New York andAone
rural site in New Jersey wé;e aﬁalyzed for up to i3 elements by,instruﬁental
neutron activation analxsis. Eighteen samples showedAhigh ep%sodic concentra-
tions of several trace elements and sulfate. SOE_, Cr, Zﬁ, As, Se, Br and Sb-
were diétinctly enriched in these aerosols, relati&e to their crustal abun-
dances..,(Sc.was used as the reference for the crustal component.) Episodic
and nonepisodic events were statistically indistinguishable if only the means
and ranges of elemental concentrations and the enrichment factors were consid—

ered. However, correlation matrix and factor analysis showed that while

nonepisodic cases had inexplicably complex factor loading structures, the

structure for episodic cases was simple. Episodic events therefore appear to
be better indicators of the sources of remote aerosols. Four factors were

suftficient to account for 81% of the total variance in the episodic system.

‘When the dependence of the factors on the set of elements was correlated with

the elemental emission patterns of probable sources and the air trajectory data,
four probable sources of the trace elements in these aerosols were identified:
distant coal-fired power plants and/of sulfide ore smelters (for 804_, As, Se),
refuse incinerators (for Zn, Sb), iron and steel works (fdr Cr and possibly

Fe, Mn) lying south-southwest aﬁd/or northwest of the site studied and local

automobile exhaust (for-Br).



INTRODUCTION

Few systematic studies have been made of trace elements in atmospheric
aerosols at remote sites, as‘distinct from urban areas. Husain and Samson
(1979) shéwed that trace elements, including such toxic ones as Se, As, Sb and
Zn; could be transportéd.by air masses from pollution sources ovef long dis-
tances to remote regions. Long-range transport of airborne particulates is
well documented (Elliot gE_gl.,‘l974; Prospefo, 1977; Prodi aﬁd Fea, 1979).
Such aerosols containing Sdi— (Lioy et al., 1977; Galvin et al., 1978) are
primarily responsible for the acid rain that is devastating the ecologic
éystem of remote regions of New York State.

' As part of an investigation of .the distribution and transport of toxié.
species by airborne particulates from source to site, we have studied the
trace elements transported with Soz— to learn whether the? have common pollu-
éigﬁlsources and, if so, ﬁhether their distribution patterns could help to
identify these sources.

The conce;trations of several toxic elements (Pb, As, Se,'Sb, Cd, Zn, S)
in fly ash from coal-fired power plants‘increase markedly with decreaéing
'particle size (Davison et al., 1974). Linton et al. (1976) showed that fly ash
particulates with aerodynamic diameters of "1 Km or less contain as much as 807%
of the total elemental mass. Since the smallest particles have the longest
atmospheric residenée times, the potential of long-range transporﬁ of miéron—
and submicron-size particulates, which are coﬁcentrated in toxic elements, is
greater than for large-size components. Moreover, these small partiﬁul#tes are
preferentially deposited in the human respiratory system (Natﬁsch et al., 1974;

Davison et al., 1974; Natusch and Wallace, 1974).




We have analyzed'the distribution of trace elements in air particulatés
collected during three consecutivé summersA(l975—77) at Qarious remoté and
" rural sites of New York State and one site in New Jersey. To identify the
sources we used two.approaches: (a) comparison of the enrichment factors for
several elements ﬁith the patterns of elemental emission from probable sources

and (b) correlation matrix and factor analysis of the same data.
EXPERIMENTAL

"Sample collection

Air particulate samples were collected with high-volume samplers for 24-h
sampling periods by filﬁering about 2000 m3 air through Whatman 41 filter paper -
(20 em x 25 cm). At Whiteface Mountain Field Station in.New York State sampling
began on Jhly l‘in 1975 and 1976 aﬁd on June 15 in 1977. A total of 56 samples

»ffaghﬁhis station (24 for i975, 8 for 1976, an& 26 for 1977) were analyzed for
trace elemenfs. |

In additién,'air particulates were collected by the same procedure forv9'
days (July 17-25) in 1976 at two rural sites (Schoharie and Holland) and one

urban sité (Albany) in New York and .at a rural site (High Point) in New Jersey.

Total suspended particulates
The total suspended particulate (TSP) loading was determined by weighing
the filter paper, before and after loading, at constant temperature and humid-

ity (50% relative humidity, 21°¢).

. : 2~
Determination of soluble SO4

Soluble soz_ was determined by extracting from 16 cm2 of the filter with

50 ml of double-distilled water at 80—9OOC, reducing the volume to 20 ml and



determining soi” in tﬂe water extract by an automated colorimetric method using
methyl thymol blue (Lazrus et al., 1966). By comparing the results so obtained
with the total S determined by a microcoulometric method (Canelli and Husain,
1980) we found that essentially all the S trapped in the filter paper was

present as soluble 802—.

Instrumental neutron activation analysis of trace elements

About 50 cm2 of the aerosol-loaded filters were irradiated at the High-
Flux Beam Reactor of Brookhaven National Laboratory, along with a multielement

4 ncm_zs_1 for 20-30

comparator and filter paper blanks, at a flux of 1-2 x.AlOl
min. | |

The y-activity of the ifradiated samples apd standards was counted with
high-resolution Ge(Li) detector (full-width at half maximum = 2.1 KeV at 1332
KeV) coupled to a 4096-channel anaiyzer. The concentrations of 9 to 13 elements
(&é:fk, Sc, Cr, Mn, Fe, Zn, As, Se, Br, Sb, Cs and He) were determined by

judiciously selecting the characteristic y-lines of the nuclides of interest

and the delay intervals between irradiation and counting.
RESULTS AND DISCUSSION

Episodic and nonepisodic cases

The analytical results for TSP, trace elements and SOZ_ in all samples are

presented in Tables 1 and 2. On certain days (italicized in the tables) the

. 2
concentrations of SO4 and most of the trace elements were markedly elevated.

Two such episodes are shown in Fig. 1. Distinct peaks of ozone concentrations,
produced by photochemical reaétions of oxygen with essentially anthropogenic
sources (NOX), were also observed invariably on all of these days.

Such simultaneous sporadic increases in SOA— and trace metals at rural and

remote sites, with no conceivable local causes, could only be considered

episodic. We therefore grouped separately the episodic (Ep) data and the



nonepisodic (NEp) data for a c&mparative study of the distribﬁtion profiles éf
‘trgcé elemgnts and made a statistical search for gross or subtle differencés
between the twé'cases. We also attempfedAto leérn whéther one could determine
n.the much-debated background aerosol concentrations by studying ﬁhe NEp trace
éieﬁent distribution and eﬁrichment patterns. However, we do not intend to
imply that events classified as NEp are~brought about.entirely'by local or

regional causes.

Range, mean and standard deviation

Excgpﬁ for Zn and Br, .the average concentrations of all elements'forﬁail
Ep évents during the three summers were in remérkable agreement. Data for
Whitef;ce Mountaih in 1975 (four events) and 1977’(six4eveﬁts) are given in
Table 3. Fér brevity the 1976 data from all stations are not tabulated} but -
.they can be inferred from‘Tabies 1l-and 2. |

This fairly uniform distribution patfern of frace elemenﬁs during Ep events
is consistept with Husain and Samsop's inferénce (1979) of a comﬁon distant
sbﬁfce(s) for the trace elements in question. The,elementé afe then advected
to wideli’scatgered sites by polluted air masses that had Beeﬁ stagpant over
the éollufion centers.A Huéain aﬂd Samson's air trajectory analysis showed tﬁat
‘the pollution'centérs wére located south and éoufhwest of these éites. The
fluctuations in Br averéges in the present data are not surpriéing, since,Br
concentraﬁions can be.considerably influenced by local Br immissions in auto-
mobile exhaust. This is obvioﬁs in'the relatively high concentrations of Br
in aerosols from‘urbaﬁ Albany;_as‘tompared to rural Schoharie or remote

Whiteface Mountain. : ' -



The hiéh mean concentration of Zn in 1977, compared to 1975 (Téble 3),
appears to reflect primarily the-high concentrations in the samples of 28 and
29 June 1977 (Table 1), although similar high concentrations had been observed
on 2 and 13 July 1975. Lewis and Macias recently (1980) encountered a similar
situation for Zn and attributed it to coﬁtamination from a malfunctioning
sampler pump motor. If theée unrealistically high Zn concentrétions in June
1977 are disregarded, ghe'mean for 1977 compares well with that for 1975 (Tablés
3 and 4).

For the NEp data at Whiteface Mountain (Table 4) the meéan éoncentrations
in 1975 and 1977 of all elements except Br agreed within 1 standard deviation
(c). The mean Br concentfétions were remarkably constant for 1975 and 1977
and probably suggest comparable auto traffic. The very high Br mean in 1976
NEp summer aerosols from thé other sites is an artifact frqm the inclusion of
dat#wfrom the city of Albany (Table 2). |

Although thé Ep mean concentrations were.significantly higher than NEp
means, Ep and NEp. events are not statistically distinguishable purely by their
concéntration levels or ranges. 504— concentrations appear to bg in good agree-
ment for Ep events of l975v£hrough 1977 and distinctly higher thén those for

the NEp events although at a 95% confidence level (2.0) this distinction also

vanishes.

Enrichment factor

Of the various elements which can be used to evaluate crust-derived
components in the aerosols, Al, Si and Sc are by far the most reliable. In
the present work Sc was chosen as a reference material for the crustal compo-

nent, since instrumental neutron activation analysis.can determine Sc at <ppb



concentrations with high accuracy and precision. fhis method in any case is
not convenienf for analysis of Al and Si.

In an independent study'Al concentrations were determined by atomicl
adsorption spectrophotometry for five samples collected at High Point, New -
Jersey, on 20-24 July 1976 (Table 2). The average enrichment factor (EF) was
calculated for these five samples via Al and Sc based on crustal éverages from
Mason (1966). The EF calculated with Sc as reference was systematically higher
by gbout 30-40% for all the elements analyzed, but since we have used the EF
in the discuésion only qualitatively{ our conclusions are not likely to be
affected. Because of thebuncertainty in the true crustal precursors to oﬁr'

. aerosols, we have not considered EF < 10 as true enrichment.

72—
4

(Table 3), more so in 1977 than in 1975. While the EF for Zn, As, Se, Sb and

For Ep events Cr, Zn, As, Se, Br, Sb and SO, are undoubtedly enriched

- Sozgware about double, Br is enriched about fivefold.
The NEp aerosols are similarly enriched in Cr, Zn, As, Se, Sb, Br and
soi" and show the same upward trend from 1975 to 1977 (Table 4). The high EF

for Br in 1976 samples presumably arose from a localized source (automobile
exhaust). Thus the difference in EF between Ep and NEp events is not statis-
tically significant.
How can one explain the similarity in the distribution and enrichment

3 patterns of trace elements studied for Ep and NEp events? Evidently, the
trace element distribution profile during the summer is shaped predominantly
by the Ep events. These outbursts manifest in the peak concentrations seen in
Figure 1 and are followed by quiescent NEp periods. The ambient NEp ae?osols
are probably diluted aerosols from the episodic period mixed with aerosols of
regional origin. Another episodic outburst may or may not disturb the profile,

depending on whether the parent source for the Ep events is the same or not.
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This model is of course oversimplified. Several physicochemical factors

.

also influence the trace element distribution patterns.

NEp aerosols - natural or pollution-derived?

Are the aerosols at remote areas like Whiteface Mountain, especially in
NEp periods, natural or anthropbgenic?

Gordon et al. (1973) believe that the trace elements V, Fe, Cu, Zn, As,
Se and Sb (EF 2.4 to 2400) in aerosol§ from two nonﬁrban sites in Canada, Twin
Gorges and Algonquin, are not.necessarily anthropogenic. The more volatile
As, Se and 'Sb could be derived from natural processes such as volcanic activi-
tieé, supporting their statement by Weiss et al.'s (i97la) observation of
constaht.Se concentrations in preindustrial and recent Greenland ice, in
contrast to a twofold increase of S and a greater increase of Pb in recent
times. Duce et al. (1975) found compgrable enrichment factors for 12 elements
iﬁhﬁgfth Atlantic and South Pole aerosols. Since the latter were derived from
natural sources, they concluded that even anomalously high EF for Zn, Cu, Cd,
Pb, Sb and Se ét remote sites of the Norfhern Hemisphere may be due to natural
rather than anthropogenic sources.

Nevertheless, we do not ascfibe‘to'natural sources the high EF we observed
for several elements in NEp aerosols at remote sites‘like Whiteface Mountain.
One reason is that the trace element contenté of NEp aerosols there'vary
considerably from day to day, which would not be expected for background aero-
sols of natural origin at a remote site. The increase in thHe mean trace element
concentrations in‘NEp aerosols of 1977, as.compared to tﬁose of 1975, resembles
the pattern of the'Ep aerosols, which undoubtedly are pollution-derived.

Secondly, the mean concentrations in NEp aerosolé are much above Rahn's

(1976) empirically estimated minimum concentration for background aerosols



(which at least allows one to make an educated guess on the order of magnitude
for such hypotheticél background aerosblé) and 1 tov3 prders of'magnitude
higher.thaﬁ those at the South Pole (Zoller et al., 1974)!

k ‘Finally, as shown below, there was .a fair to‘good linéar correlation
between soi' an& Se for NEp events (r = 0.50 for 1975 and.0.69 for 1977)‘and
Ep events (r = 0.67). Se was specifically chosen for this_comﬁarison because
it is one of the elements considered By Duce et al. (1975) and Gordon Eﬁiil'
(1973) to prove their point.’ The mean concentrations éf SOZ—>in thése aerosols.
are much higher than the'reported ambient éoncentrations (Kellogg et al., 1972).
As a matter of f;ct, SO§~ in the summer aerosols at Whiteface Mountain is

demonstrably of anthropogenic origin‘(Lioy‘EE_gl., 1977; Galvin et al., 1978).

Correlation matrix and factor analysis of Ep eveants

A;:To examine the interelement relationships witnin the Ep and tﬁe NEp
eQe;ts —— and to sort out the data more objectively in order to estimate the
parent sources of these elements we pefformed both correlation matrix and
factor analysis with the help of Bio-Medical Data (BMD) Program Package BMDP-77
(Dixon, 1977). Because Ep data for any one summer were statistically rather
limited for such apalysis, we pooled all the Ep data for all three summers and
all five sites. In this approach we assumed, of course, fhe same parent popula-
tion for all these events; but the means, ranges, EF for the trace elements and
air trajectory analysis (Husain and Samson, 1979) seem to justify that assﬁﬁp—
tion. Unfortunétely, this approéch excluded the data for Cr, Se ané Cs, which
were ﬁot determined in éi? éamples of 1976.

The matrix for linear correlation coefficients for 18 Ep events is given

in Table 5. For n = 18, correlation coefficient values greater than 0.60 in

this matrix indicate a statistically significant (5 = 0.01) relationship




-10-

(Pearson and Hartley, 1976). Good correlation can be seen between Fe, Mn, Sc
and K, all of which are present in the aluminosilicate phase (e.g., crustal
dust or rock); their EF are not significantly above crustal averages. The
volatiles As,ASe and S also show good correlation. (Linear regression. analysis
was performed manually-for the pair Se—SOZ_ and AS—SOin, based on the iO Ep
data points of 1975 and 1977. The analysis'yielded r = 0.67 and 0.85 respec-
tively.) However,'these three volatiles were poorly correlated with Sb, which
had a statistically significant correlation only with Zn. A Sb-Zn correlatidn
has been reported by others (Dams et al., l97l;‘Raﬂn,.l97l; Greenberg et al.,
1974; Hopke et al., 1976), and we shall elaborate on it below.

The As—Se—SOZ_ correlation suggest that tﬂese elements were carried
together in the same air mass. 804_ is principally associated with fossil-fuel
combustion, and our observed high EF for As and Se are typical for fly ash froﬁ
cbéf;fired powerlplants (Davison et al., 1974; Rahn, 1976). We therefore con-
clude that these three elements céme from the same primary source -- fossil
fuel. A.moderétely high correlation is also seen for As-Sc-Mn énd, to a lesser
extent, between As and Fe. The meaning of these correlations will become clear
from the factor analysis below. As expected, Br shows either poor or negative
correlation with the other elements studied.

In recent years factor analyéis has been suécessfully applied for data
redgction in aerésol studies (Hopke et al., 1976; Lewis and Macias, 1980).

With the BMD program factor extraction using principal components orthogonai
varimax rotation, retention of factoré with eigenvalues > 1.00 and communality -
estimation from faétors after one iteration were the«défaults employed. |

The results for factor loadings obtained by this meﬁhod on combined Ep

events of 1975-1977 are given in Table 6. The four factors account for 81% of

the total variance of the measured variables.




Factor 1 shows high loading for Sc, Mn, Fe, As and soi‘ and medium loading

for K. This factor accounts for approximately 40%Z of the total variance in
the system. (In factor analysis of 10 Ep events in 1975 and 1977, Se also fell

in Factor 1, with a loading of 0.96.) Solely on the basis of first three

elements (Sc, Mn, Fe) and the last one (K) this factor would seem to represent

a crustal component (dust, rock). However, the inélusion of As, 802_ and Se

shows that a significant quantity of the éuﬁposedly crustal dust is, inAfact,
material from coal combustion, including fly ash of the coal particulate itself.
This is not surprising, since the concentration ratios of many eiements (inélud—
ing Fe, Mn, Sc¢ and K) iﬁ suspended particles from coal combustion, relative to
the Al concentration, are.similar to concent;atioﬁ ratios in crustal ﬁaterial
(Hopke et al., 1976). The bulk of the aluminosilicate matrix in these Ep
aerosols is thus being transported to the sites from a coal-fired plant(s).and
does not represent pick-up of crustal material by air masses along their
trajectories.

Factor 2 ‘has a very high loading for Zn anc Sb and'accounts for about 19%
af the total variancéf Greenberg ggigl. (1974) report that suspended particles
in the plant stack of a municipal incinerator in alexandria, Virginia, are
highly enriched.in Zn and Sb. Hopke et al. (l976)>ascribe the Zn-Sb correlation .
in Boston air particﬁlates to a similar source. Tactor 2 could therefore be
attributed to refuse incineration;

Factor 3 shows a high loading for Na (and‘a relatively.léw ioading fqr'K),
which is typical of ééa—salt aerosols. This is a rather unlikely source .
because the sites studied are remote from the sea. External contaminafion with
Na due to improper sample haﬁdling, especially in summer days, coﬁld show upA

as a secluded high loading. This seems a good educated guéss. However, in the
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absence of any proof, wevdescriBe Factor 3 as an unidentified source. Factor 4
is strongly_dependeﬁt on Br content, as indicated by.its high.loading of 0.9,
which implicates automotive_g#haust as the source (King, et al., 1976; Lewis
4énd Macias, 1980). As mentioned above, Cr, which shows distinct enrichment,
was not included‘in this factor analysis; but in a separate factor analysis of
lb Ep events of 1975-77 for whigthr figures are available, the picture as a
whole remains unchanged. As, Se, soi', Sc and Mn exhibited high loading in
Factor 1. Fa&tor 2 showed high loading in Fe? Cr, and Mn, the group' Zn-Sb
adhered together but was shown under Factor 4.

The association of Fe, Cr and Mn in Factor 2 suggest that in addition to
fossil fuel (coal, in particular) as a.source of Fe and Mn, there ﬁouldlbe a
common source for all three elements -- iron and steel works (Neustadter et al.,
1976). The mean wéightedAenrichment facéors fof Fe and Mn for 10 combined Ep
events in 1975 and 1977 are 2.4 and 4.2 respectively. Tﬁe enrichment may be
real,vthough only margiﬁally high. The crustal averages of Fe, Mn and Cr are
| 50,000, 950 and 100 ppm (Mason, 1966) respectivély, so a contribution of the
crustal component (in this case, fly ash from coal combustion) téithe particu-
late loading could overwhelm the contribution frbm ferrous metalvindustry in
the order Fé > Mn > Cr. Fac;or 3 showed high loading for Na, K and Br. The‘

includion of Na and K with Br is not explicable.

Correlation matrix and factor analysis of NEp events

Correlation matrix and factor analysis was also performed for NEp events
of 1975 and 1977. Since the factor analysis is derived from-the correlation
matrix, the matrix is reflected in factor analysis. For conciseness, only the

factor analysis will be presented.
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Preliminary to the factor analysis, we did a regression analysis of pairé
of elements wigh'the help of the BMb program to get a feeling for the inter-
element relationships.‘ In the Ep events the pair ASTSOi— had been well
correlated, but in the NEp events Of.1975 As was poorly correlated with 804_
(r-='0.23; see Fig.‘Z, line a). Two outlying data points (question-marked)
which seemed to distort the linear regression were excluded in a revised
regression analysis (lihe b).

Four factors were sufficiént to éxplain 88% of the total variance in NEp
events in 1975 (Table 7). Factor 1 has medium té high loading for TSP, Na, K,
Sc, Mn, Fe, Zn and suprisingly Br. It indicates the ﬁresehce of crustal dust
in the NEp aerosols. In Factor 2 As, Se and soi_ show high loading, while TSP,
Sc, Mn, Fe and Zn show medium 1oadingl The link‘betwéen TSP and the matrix
elements (Factor 1) and‘volatiles, especially SOi— is not surprising. As Lewis
and,Macias (1980) have showm, (NH4)2504, thch i% the dominant form of_SOa—
in the aerosols, forms about 42% of the fine fraction, while about 38% of the
coarse fraction iﬁ the Charleston aerosols is the aluminosilicate matrix. The
association of Sc, Mn and Fe with the volatiles As, Se and‘SOZ_ in Factor 2 is
similar to the Factor 1 structure of Ep events and could stem from a similar
source. The association of Zn with Se (énd other volatiles) in Factor 2 wés
also 6bserved in a fine component of the Cha%leston aerosol by Lewis and Macias
(1980), who suggest a complex combination of anthropogenic sources. In Factor
3,,iﬁ contract to Ep évents} Sb is related not to-Zn but, straﬁgely enough, to
Cr. Only Factor 4 shows a strong deﬁendgnce of Cs (loading =<O.92).

The loading structures of Factors 3 and 4 seem inexplicébly compléx. None

of the factors is related to Hg. Presumably Hg belongs to the later factor,

which has an eigenvalue < 1 and so was not extracted by the program. This
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seems to indicate that Hg is associated with a ﬁnique factor unrelated fo any
of the four dominant ones. In unpolluted air Hg has been reported at < 1 to
10 ng/m3 and results from degassing of the earth's crust (Weiss et al., 1971b).
The major fraction of atméspheric Hg is gaseous, composed of several volatile
species (Johnson and Braman, 1974).  Fogg and Fitzgerald (1979) found no more
than 5% of total Hg present as particulate matter. Thus about O.S ng/m3 (upper
limit of 10 ng Hg/m3 taken) could be éxpected.in the ambient aerosolé. Our
mean value of 0.54 ng/m3 seems to suggest that the Hg in air particulates at
Whiteface Mountain may be of natural origin. The unique fact&f suggested Ey
factor analysis does not seem sufprising. |

Factor analyéis of NEp events in 1977 also revealed four factors aécounting
for about 83% of the variance (Table 7). Sb and Cs wefe omitted in this analy-
sis because of incomplete data for the.two elements. Factor 1 showed high
loadings for the volatiles As, Se, 802- and Br and a)medium loading for Zn.
Although the loading structure of this factor resembled that of Factor 2 of
the 1975 NEp”cases, the volatiles are not associated with the crustal componént.
The remaining three factors are inconsistent. The high loadings for Fe and Sc
in Factor 2 indicate a érustal source‘but surprisingly little or no dependence
for the crustal components Mn and K. On the'othér hand, high loadings for
these two elements Ean be seen in.Factor 3 along with a medium loading for Zn.
The association of Cr with Fe in Factor 2 had also been seen in Ep events in
1975-77. Factor 4 shows a high loading for Na and a medium loading for As and
Cr. DNo reasonéble explanation can be given for these three factdrs, nor can
their identity be interpreted. .

In their multivariate analysis of Bo;ton air particulates Hopke et al.

(1976) encountered a similar distribution of Mn. They attributed it to size



fractionation of Mn, the larger particle Mn as duét factor and the finer
component with the Se factor. Such a size differentiation might partially
explain some of_the'distributions.in Factors 2-4; but many observations, such’
as the association of K with Mn in Factor. 3, are difficult to reconcile on
this basis. |

In contrast to Ep events, the NEp events are not clear-cut, and source
identification from NEp data cannot be as straightfor@ard. What, then, brings
aboﬁt the observed elemental differentiation if, as explained earlier, the
NEp aerosols are diluted aerosols of the preceding Ep events?

The ﬁhysicochemical factors that control the distribution of aerosolborne
trace elements are highly complex. The depths of_the mixing columns, the
stability of the atmésphere, wind speed and wind difection are by far the most
important physical meteorological factors that govern atmospheric dispersion

Vof,@irborne trace metals and suspended particulates. Superimposed on these
factors are such chemical processes as phase change, coaguiation, chemical
reactions and fractionation, all of which occur simultaneously during disper;
sion and sedimentation.

Using dispersion factor (DF), i.e. mixing depth times wind speed, as an

index of atmospheric dispersion, Kleinman et al. (1973) observed a significant

correlation between DF, TSP and most trace metal concentrations. They attrib-

uted high concentrations of TSP and several trace metals during summer months
in New York City to changes in DF.‘ We believe that a similar éhange in DF
brought about the Ep high concentratiohs of trace metals and TSP observed in
our study. In long-range transport to remote sites like Whiteface Mountain

changes in DF at the sources play a more dominant role in shaping the Ep pro-

files in question than changes at the site (Husain and Samson, 1979). Presum-
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ably low DF at emission sources lead to Ep patterns cﬁaracterized by higher
trace metéi and particulate loadings per unit volume of air froﬁ tﬁose sources.
The Ep events therefore seem to be good signatureé of the parent sources.

‘NEp events do not retain the source identity as well. An example isithe
trace element distribution profile observed on 20 July 1975. From tﬁé lipear
correlation between As—SOi— and Se—SOi— genérally'Seen in Ep events (Fig. 3)
we deduce that for about 13.5 ug/m3 of SOi_observed on this day (which isAa
typical Ep concentration), approximately 2.2 ng Se/m3 and 2.7 ngAAs'/m3 should
be present in the sample. Such conceﬁtrations of As and Se should have been
detected by instrumental neutron activation anélysis, especially because this
sample had low concentrations of other elements (Fe, Cr, Zn, Br) and hence a
low Y-sbectral background. Yet neither'eiement,was detected in this sample. |
Was it the precipitation front moving from west to east from the eyeniﬁg of
July-18 (Husain and Samson, 1979) that caused such a differentiation between
'Se—Soz— or As—SOi_? Although physicochemical faétors responsible for the

fractionation are too complex, the case in point certainly serves to illustrate

how the memory effects of Ep precursors could be distorted in a NEp observation.

CONCLUSION

Ep and NEp events cannot be distinguished statistically on the basis of

mean trace element concentrations and EF in summer aerosols. However, correla-

"tion matrix and factor analysis reveal that unlike NEp events, the Ep events

have simple 'eas1ly interpretable loading structures. Such analysis of the
distribution and enrlchment patterns of trace elements in Ep aerosols, when
compared with emission patterns of probable sources, suggest that these aero-

sols at Whiteface Mountain derived .from four pollution sources: coal-fired
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power plants (S, K, Sc, Mn, Fe; As and Se), municipal refuse incinerators
(Zn‘and Sb), iron and steel wérksA(Cr and possibly Fe, Mn) and autoﬁobile
exhaust (Br). The available air trajectory data indicafe that the main
pollution sources lie south and southwest of Whiteface Mountain (for Ep events
of 16-19 July 1975, 20 Jﬁly 1976 and 17 June 19773; or norghwest, i.e. north
of the Finger>Lakes (for Ep events of 24,28 June and 24,29 July 1977)§ or
westl(for Ep events of 21 July 1977).

It would be reasonable to infer that the Clevéland; Ohio, and Pittsburgh,l
Pennsylvania, regions in the south-southwest (with their ;everal coal-fired
power plants and heavy iron and steel industries) and the Sudbufy, Ontario,
region in the northwest (with its massive‘sulfide ore’smelters)'may Be the

B . 9 . '
pollution sources for SO4 and several trace elements found in the summer

aerosols at remote and rural sites of New York State..
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Table 2. Simultaneous measurements of certain trace elements in air particulates at five
stations in New York State and New Jersey, July 1375

ed
| pzrigizgates ) Concentration (ng/m3) ‘ B,
‘ ite Date (po/m3) Na K Sc Ma Fe Zn As Br St s0g~
White- July 17 31 24 27 .008 3.87 191 12 1.04 2.8 .16 2900
face A 18 53 7 104 .028  10.5 315 58 2,67 . 4l .68 4600
Mountain, 19 41 - 104 .032 27.1 352 30 2.07 . 31 .44 5100
New York 20 74 3%4 315 .090  26.4 82 . 87 3.23 a1 1.26 24600
21 43 470 709 .008 4,67 9 7 0.34 27 .0S 2600
22 45 59 70 .022 7.26. 20 15 0.28 0.7 .16 900
23 63 154 185 .030 6.20 - 284 38  0.49 16 .70 5400
24 49 59 51 .025 3.1 169 11 0.55 15 .31 2300
High July 17 37 56 70. .02 6.16 147 18 1.64 53 1.37 4380
Point, 17 37 39 -7 .022 3.8 15 18 1.80 74 1.20 -
New Jersey 18 35 - 58 101 .047 8.4 247 12 0.98 68 .56 2210
19 29 97 134 .065 12,7 335 52 1.64 62 .79 4370
20 75 203 254 Q57 27.%2 ¢5e 257 T 4.17 128 2.44 19100
21 55 126 144 .078 © 12.0 225 382 3.22 .42 ND --
21 55 101 144 081  14.0 524 276 3.50 64 1.30 11320
22 41 258 187 .065  22.1 342 62 1.04 125 2.10 3650
23 29 295 101 L026 5.2 183 27 0.90 130 2.80 3060
24 a8 40 79 .028 7.1 15¢ 24 1.9 55 1.40 7654
25 31 39 90 .031 4.4 170 7  0.70 77 C.14 1460
Schoharie, July 17 30 77 113 .028 6.8 222 16 1.94 71 .53 €000
New York 18 28 69 138 .041  .10.7 220 13 1.14 120 .39 3600
‘ 19 30 71 127 .042 £.9 277 15 1.14 187 .67 3400
20 57 87 229 .130 18.7 £74 42 2.66 44 95 20000
21 56 8L 163 .078  18.0 £ 53 3.43 39 .14 19000
22 32 58 . 140 .035 16.3 202 13 0.52 33 .64 2500
23 32 90 107 .034 5.5 202 24 0.85 82 1.50 6700
24 39 47 105 .030 6.2 2i18 15  2.00 44 0.9% 12900
25 22 48 118 .036 4.4 213 10 0.40 81 e 600
Kolland, July 17 26 70 118 .036 16.5 263 20 1.232 g6 .28 1600
New York % 18 64 -- 207 .076 28.0 715 31 2.23 82 71 7600
' 19 55 123 197 126 32.0 1075 31 2.30 75 1.55 7600
20 756 185 339 210 44,0 1773 8 5.1 74 174 24900 .
21 a6 88 185 .067 1.0 i 34 7,01 135 1.22 3500
22 46 65 164 .072 13.0 528 2 0.99 185 .92 2400
23 46 73 133 .052 13.0 ©i4 51 2.50 g2 .81 11900
24 41 55 133 .052 7.0 832 . 32 1.00 222 .72 5300
25 20 49 136 .044 9.9 424 17 1.80 265 .51 1800
Albany , July 17 27 121 108 .026 6.6 239 22 1.66 146 1.0 7600
New York 18 22 -- 22 .042 12.5 371 15 1.22 146 0.£0 1300
' 19 42 193 193 .085 15.0 633 17 1.52 143 2.0 5600
20 57 134 372 129 2:.9 773 65 2.32 128 2.2 15000
21 51 11e 208 .O073  14.9 Z;s 72 2,58 23l - 2.2 15400
22 a1 152 235  .077  37.0 753 7 ND 202 1.4 1400
23 40 430 237 .078 10.C 321 72 1.2 313 1.7 6000
24 33 80 11 .029 6.3 208 2C 1.30 . 295 1.0 8200
25 20 69 g7 .038 5.0 274 7 ¥D 182 G.14 5C0

ND = not detected
x o .
‘ _SO% data for Whiteface Mountain, Schoharie, Holland and Altaay Sram Galvin et al. (1973). SO

High Point samples was determined by microcoulometry.
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of summer 1975 (N = 4) and 1977 (N = 6) at Whiteface Mountain

Table 3. Ranges, mean elemental concentfations and enrichment factors for Ep Aerosols

-

Element . Range (ng/m3) .Mean‘(ng/m3) Standard Deviation Enrichment Factor

?gh 1975 1977 1975 1977 1975 1977 1975 1977
Na 58-188 82-171 116 117 55 40 0.5 1.1

K 116-253 154-327 187 222 65 59 0.9 2.4

Sc | 0.09-0.22 0.04-0.08 0.14 0.06 0.06 0.014 1.0 1.0
Cr 3.4-20.3 2.4-9.6 1 7 7 3 14.3 18

Mn 11-32 10-22 23 17 iR 5 3;1 4.9

Fe 295-841 380-674 598 536 226 13 1.5 3.0
n 34-61 39-348 53 147(55)" 13 144 96 580(217)"
As 1.7-5.1 1.8-3.6 4 3 1 0.77 268 420

Se 0.95-5.0 1.2-3.4 3. 2 2 0.85 7500 12,030
Br 9-21 21-61 16 40 5 13 820 4400
Sb 1.4-1.2 'o.1f3;2 2 2 0.32 1 1130 2400
Cs 0.09-0.28 0.02-0.21 0.17 0.12 - 0.09 0.067 7.2 11.2
S0 11,000-23,350  10,100-21,500 18,862 14,900 5825 5200 3080 5240

- — - :
| Values in parentheses calculated after excluding the suspect values in Table 1. -




Table 4. Ranges, mean-elemental.concentrations and enrfchment factors for NEp aerosols
of summer 1975 (N = 14-19) and 1977 (N = 17-20) at Whiteface Mountain

Element Range (ng/m3) Mean (ng/m3) ‘ . Standard Deviation Enrichment Factor
; fon 975 1977 1975 1977 1975 1977 1975 1977
f ' :
Na 15-155 21-573 80 96 47 (AP 1.0 2.4
K 24-293 55-580 m9 153 67 . 116 1.6 4.2
S 0.006-0.15  0.004-0.062 0.05 0.03 0.04 0.02 =1.0 =1.0
Cr 2-19° 0.44-37.0 4 7 4 10 15.0 . 53
Mn 1-22 3.1-77 8 20 5 20 3.0 15
Fe 42-591 70-607 240 261 138 145 1.7 3.7
Zn 7-100 12-175 25(20) 16(39)" 20 37 126(101)" 460(390)"
As 0.5-4.1 0.07-2.63 2 1 1 0.71 360 520
Se 0.14-1.86 0.21-2.47 0.7 0.84 0.5 0.59 1670 11,200
Br 334 0.70-24.0 12 13 7 7 17103570
sb 0.11-3.88 — 0.8 — 1 — 1450 —
Cs 0.02-0.25 — 0.06 — 0.06 — 7.1 —
02 . 470-7800 429-8425 3393 3319 . 2306 2590 1530 2990

* .
Values in parentheses calculated after excluding the suspect values in Table 2.



" Table 5. Correlation matrix for combined Ep events

of 1975-77 (N = 18)

L1

N K S M Fe  In A Br sb 50,
Na 1.0
K. 0.48 1.0
Sc 0.03 0.46 1.0
M 0.22 0.57 0.82 1.0
Fe  0.21 0.61 0.72 0.88 1.0
Zn  0.14 0.03 -0.26 -0.08 -0.03 1.0
As 0.13 0.30 0.64 0.65 0.46 -0.12_ 1.0
8- 0.04 0.28 -0.06 -0.03 0.08 0.04 -0.18 1.0
s 0.08 0.15 0.07 ~0.13 .0.09 0.62 0.07 0.27 1.0
S0%” 0 0.20 0.5

- 0.57 0.48 -0.07 0.68 -0.17 0.07 1.0




" Table 6. Factor analysis for combined Ep events of 1975-77

Q— Element or ‘ ' ' , .%1
ion - Factor 1 Factor 2 = Factor 3 Factor 4 Communa1i§y - ka
Na | 0.05 0.09 0.94 -0.07 ©0.90
K ' 0.48 0.02 0.62. 0.44 ' 0.81
Sc ©0.91 - - -0.12 -0.02 0.10 0.85
M 092 o.01 0.21 " 0.10 0.90
Fe 0.82 -0.003 0.25°  0.24 0.79

In . -0.15 0.90 0.15 . -0.07 0.86
A 079 0.0 0.04 -0.24 0.68
Br -0.09 0.12 0.02 0.90 0.84
Sb ©0.13 0.89  -0.04 ~0.23 0.86 °
502" 0.74 0.07 0.001 = -0.29 0.63




Table 7. Factor analysis for NEp events of summer 1975 and 1977 at Whiteface Mountain
' 3

“Factor 1

Factor 2 Factor 3 Factor 4 Communaiity
Element or ‘ : , » : '
ion 1975 1977 1975 1977 1975 1977 - 1975 1977 1975 1977
TSP 0.62 S 0.65 —_— 0.01 —_— 0.06 — 0.81 —
Na 0.91 0.20 0.28 10.002 0.09 10.33 -0.06 0.9 0.91 0.95
K 0.81 0.09 0.23 0.05 0.21 0.82  0.31  0.41 0.85  0.86
Se. '.o.ss 0.31 0.59 0.87 -0.01 - -0.01 0.56  0.02 0.98 0.85
Cr 0.29 -0.15 -0.05 £ 0.66 0.93 -0.06  -0.01  0.51 0.96 0.73
Mn 0.50 -0.34 0.54 0.24 0.20 0.83 0.54  0.04 0.88 0.87
Fe 0.73 0.25 0.46 0.90 0.11 0.23 0.35 -0.16 0.88 0.95
Zn 0.59 0.57 0.61 -0.22 -0.04 0.55 0.16 -0.01 0.75 0.67
As 0.41 0.71 0.79 -0.08 0.37 0.02 -0.07  0.62 0.94 0.90
Se 0.12 0.84 0.87 0.27 -0.05 0.10  0.40  0.22 0.93 0.84
Br . 0.77 ° 0.72 0.45 0.21 0.20 -0.37 0.03 0.18 0.85 0.73
soﬁ' 0.09  0.83 0.71 0.24 0.41 -0.06 0.43 -0.08 0.86 0.76
Sb 0.36 — 0.003 — 0.78 — 0.47  — 0.96 —
Cs 0.10 — 0.20 — 0.06 — 0.92 — 0.89 —
Hg 0.08 — -0.44 — -0.80 — 0.04  — 0

.84 -_—




'CAPTION

Fig. 1.

Fig. 2.

Fig. 3.

2~ A A '
Concentrations of S (as 504 ), Sc, Fe, As, Se and Br for. 20-30 June

1977, showing episodic peaks on 24 and 28 June.

. . 2 _ ) )
Regression lines for the pair As—SO4 for NEp events of 1975 with

(-) and without (---) the two suspect data points (question-marked) :

For solid line, [As] = 0.001 [soi"] + 1.4 (r = 0.23)

For broken line, [As] = 0.0021 [5057] + 0.68 (r = 0.70).

Linear regression for As—SOi— (o) and Se—SOZ_ (A) for Ep events in
1975-1977: |

[As] = 0.00012 [soi'] + 1.1 (r = 0.68).

[Se] = 0.00017 [soz’] - 0.15 (r = 0.67).
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