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10.

Gaseous Nitrate Radical: Possible Nighttime‘

Atmospheric Sink for Biogenic Organic Compounds

Abstract. The gaseous nitrate (NOs) radical, which has recently been measured in
nighttime ambient atmospheres over the United States and Europe at concentrations
up to ~ 350 parts per trillion, has now been shown to react rapidly with the
biogenically emitted organic compounds dimethyl sulfide (DMS), isoprene, and
several monoterpenes. Computer simulations demonstrate that these reactions can
dominate the atmospheric behavior of these organic compounds at night. Thus
reaction with. NOj radicals may be the unknown, nonphotochemical removal process
Jor DMS recently invoked by Andreae and Raemdonck to explain the absence of a
diurnal profile for DMS in maritime air influenced by continental air masses.
Similarly, the nighttime reaction of NOs radicals with monoterpenes can be a
dominant removal process, leading to very low monoterpene concentrations in
ambient atmospheres during the early morning.

The role of biogenically emitted organ-
ic compounds in the chemistry of both
the polluted and the clean troposphere
has received much attention (/-5). Sand-
berg et al. (6) and others (7) have pro-
posed that hydrocarbons such as iso-
prene and the monoterpenes emitted
from vegetation contribute significantly
to photochemical air pollution, while di-
methyl sulfide (DMS), emitted from
oceans and other natural sources, is in-
volved in the global atmospheric sulfur
cycle (8), ultimately contributing to
background acid deposition.

Current models of the atmospheric
chemistry of organic compounds emitted
from biogenic sources (2, 9) treat the
consumption of such species as due sole-
ly to reaction with hydroxyl (OH) radi-
cals or ozone (O3) or to photolysis. How-
ever, serious discrepancies have been
reported between the measured rates of
emission from vegetation of isoprene and
the monoterpenes and their observed
ambient concentrations (3, 4). More-
over, Andreae and Raemdonck (10) have
recently invoked an unknown, nonpho-
tochemical removal process for DMS
from ‘‘continentally influenced’’ marine
air masses.

Within the past 3 years we and our
collaborators (/1-14) and Noxon and co-
workers (15) have identified and mea-
sured the nitrate radical (NO,) at night in
both the clean and the polluted tropo-
sphere, using long pathlength (~ 1 to 17
km) differential optical absorption spec-
troscopy (DOAS). Recently, we have
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also measured the rate constants for the
reaction in air of NOj; radicals with a
large number of organics (16—18) includ-
ing DMS, isoprene, and selected mono-
terpenes. We report heére calculations
utilizing these kinetic and ambient con-
centration data, which show that night-
time reaction with the NO; radical is a
dominant, previously unrecognized, at-
mospheric pathway for the removal of
many organic compounds of biogenic
origin.
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Fig. 1. Calculated time-concentration profiles
for NO; radicals and monoterpenes for the
Death Valley scenario (21-24). Solid lines are
predictions for reaction between NO; radicals
and monoterpenes; dashed lines are predic-
tions for the assumption that there is no
reaction.

Nighttime concentrations of NO; radi-
cals measured in the United States (/1,
14) and Europe (/3) have ranged be-
tween the detection limit of the DOAS
technique [~ 1 part per trillion (ppt)] and
~ 350 ppt, with typical concentrations in
continental air masses ranging between
~ 10 and ~ 100 ppt. In polluted atmo-
spheres the NOs; radical concentrations
increase (/1) after sunset to a peak at
~ 2000 hours and then decrease rapidly
to below the detection limit by about
midnight. In contrast, in semiarid desert
atmospheres the NO; radical concentra-
tions generally increase (I4) after sunset
to a plateau value which persists until
sunrise; after sunrise, the concentrations
decline rapidly to less than 1 ppt because
of the large photolytic cross section (/9)
of the NOj; radical.

The rate constants (20) we have re-
cently determined at room temperature
for the gas-phase reactions of NOj; radi-
cals with biogenic organics are fast,
ranging from ~ § x 10713 cm? sec™! per
molecule for DMS (17) and isoprene (18)
to (1 to 8) X 107'2 cm? sec™' per mole-
cule for the monoterpenes o- and B-
pinene, d-limonene, and A’-carene (18).
To assess the importance of these reac-
tions relative to reaction with OH radi-
cals or with O3, we have calculated the
atmospheric lifetimes, 7, of DMS, iso-
prene, and selected monoterpenes for
these three reaction pathways under two
sets of atmospheric conditions (Table 1).

Reaction with NO; radicals is the
dominant loss process for DMS and the
monoterpenes, even under conditions
corresponding to the clean troposphere
(Table 1); for isoprene, consumption by
NO; radicals at night is equal in impor-
tance to loss due to attack by OH radi-
cals during daylight hours. In moderately
polluted atmospheres, the reaction of
NO; radicals with the monoterpenes
leads to extremely short monoterpene
lifetimes of ~ 1 to 5 minutes (Table 1).
Indeed, the rate of d-limonene consump-
tion by NOj radicals at night is about ten
times that of reaction with O; and ~ 30
times that of daytime reaction with OH
radicals. Clearly, reactions of NO; radi-
cals with DMS, isoprene, and the mono-
terpenes significantly reduce the night-
time ambient concentrations of these or-
ganics relative to those that would occur
if the NO; radical reactions are not con-
sidered, as is the case for current chemi-
cal models of the clean and polluted
troposphere (2, 3, 8, 9).

In order to quantitatively illustrate the
magnitude of the effects of these reac-
tions, we have calculated NO; radical
and monoterpene concentrations during
nighttime hours, utilizing an appropriate
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chemical mechanism (21, 22). Calcula-
tions were carried out for conditions
representative of the locations for which
we have spectroscopically measured am-
bient NO; radical concentrations [Death
Valley, Whitewater, Phelan, and Ed-
wards Air Force Base, California (14),
and Claremont and Riverside, California
(11)]. The NO,, O3, and H,O concentra-
tions and the temperatures and relative
humidities representative of these loca-
tions were obtained from ambient data
(11, 14, 23). Monoterpene emission rates
(24) were derived from the emission rate
data of Zimmerman (25) and Winer et
al. (5). A box model was used, with a
constant inversion height of 1000 m and
with constant NO,, O;, and H,O con-
centrations and monoterpene emission
rates.

For simulations in which reaction be-
tween NO; radicals and the monoter-
penes was permitted, the calculated
time-concentration profiles of the NO;
radical exhibited a rapid rise after sunset
to a plateau value which persisted until
sunrise (Fig. 1). This behavior was in
good agreement with our spectroscopic
observations at Whitewater, Phelan, Ed-
wards Air Force Base, and Death Valley
(14), and the plateau NO; radical con-
centration shown in Fig. 1 lies within the

range observed at these semiarid desert
sites (I4). The calculated monoterpene
concentrations declined rapidly after
sunset (Fig. 1) to values in the range 0.08
to 1.2 ppt (depending upon location) just
prior to sunrise.

When no reaction between NOj; radi-
cals and the monoterpenes was permit-
ted, the calculated time-concentration
profiles of the NO; radical remained
little changed from the previous case.
However, the calculated monoterpene
concentrations rose monotonically from
their sunset values to ~ 20 to 150 ppt just
prior to sunrise. Thus, inclusion of the
reactions of NO; radicals with the mono-
terpenes leads to a dramatic decrease of
two to three orders of magnitude in the
predicted ambient concentrations of the
monoterpenes at night under these atmo-
spheric conditions (clean to moderately
polluted) but has little effect on the NO;
radical profiles.

In order to generalize these simula-
tions to a wide range of atmospheric
conditions, we carried out further calcu-
lations (26) in which the NO, concentra-
tions varied from 0.05 to 25 parts per
billion (ppb), while the monoterpene
emission rates varied over three orders
of magnitude to encompass values re-
ported or expected for vegetation densi-

ties ranging from desert to forested areas
(from 15 to ~ 7700 wg m~2 hour™ ).

The results of these calculations are
shown in Fig. 2. The results for Death
Valley and the other locations discussed
earlier fall on the plateau region where
the formation rate of NOj; radicals ex-
ceeds the monoterpene emission rate.
Under these conditions the reaction of
NO; radicals with monoterpenes will be
a dominant loss process for the monoter-
penes at night, leading to a large reduc-
tion in monoterpene concentrations just
prior to sunrise [by a factor of ~ 100 to
150 for the conditions of O; and H,O
vapor concentrations and temperature
selected (26)]. In these calculations we
did not take into account the possible
presence of other organics which react
rapidly with the NO; radical [for exam-
ple, hydroxy-substituted aromatics and
the tri- and tetrasubstituted alkenes
(16)]. Thus for urban atmospheres that
contain such organics the monoterpene
reductions shown in the corresponding
portion (23, 24) of Fig. 2 would represent
upper limits to the actual case (although
no data are available to show that such
reactive organics of anthropogenic origin
are present during nighttime hours at
concentrations leading to any significant
scavenging of NO; radicals).

Table 1. Calculated lifetimes of dimethyl sulfide, isoprene, and four monoterpenes due to reaction with O; or OH radicals or NO; radicals in
“clean’’ and ‘‘moderately’’ polluted atmospheres.

Organic lifetime*

““Clean’’ atmospheret

‘““Moderately polluted’’ atmosphere

Organic Structure
oy, daytin ightti oy, daytin ighttis
aytime nighttime aytime nighttime
24 hours (hours) (min) 24 hours (min) (min)
Dimethyl sulfide CH;SCH,4 > 20 days 28 120 > 3 days 420 13
Isoprene CH,=C(CH,;)CH=CH, 32 hours 2.9 216 10 hours 44 22
a-Pinene @ 4.6 hours 4.6 20 1.4 hours 72 2
B-Pinene $ 18 hours 3.6 50 5.5 hours 54 5
A3-Carene © 3.2 hours 3.5 12 1.0 hour 53 1.2
d-Limonene g? 36 minutes 2.0 9 11 minutes 30 0.9
S

*Organic lifetime, T, is given by 7, = 1/k,[X], where k, and [X] are the reaction rate constants and ambient concentrations, respectively, of OH radicals or NO3

radicals or O;. Rate constants used are from the following: for NO; radicals (17, 18); for O3 (22, 31); for OH radicals (17, 32).
erage), 1 x 10° cm™ (0.04 ppt) average concentration of OH radicals during daylight hours, and 10 ppt of NO; during nighttime hours.

+Assuming 30 ppb of O, (24-hour av-
+Assuming 200 ppb of O,

(24-hour average), 4 X 10° cm™> (0.16 ppt) average concentration of OH radicals during daylight hours, and 100 ppt of NO; during nighttime hours.
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Fig. 2. Plot of the ratio (sunrise
monoterpene concentration in
the absence of reaction with
NO; radicals)/(sunrise monoter-
pene concentration in the pres-
ence of reaction with NOj; radi-
cals) (labeled monoterpene re-
duction) as a function of NO,
concentration and monoterpene
emission rate. The NO; forma-
tion rate is directly proportional
to the NO, concentration for a
constant O3 concentration.

The opposite case, monoterpene emis-
sion rates greater than the NO; radical
formation rates, leads to the behavior
shown in the lower left corner of Fig. 2.
An example of this case, that is, of an
essentially unchanged monoterpene
time-concentration profile with and with-
out NOj; radical reactions, is a conifer-
ous forest in an area free of atmospheric
pollution. The transition between the
two plateau regions in Fig. 2 occurs
when the NOj; radical formation rate is
within a factor of 2 of the monoterpene
emission rate and corresponds to the
““cliff”” in this figure. The results of these
calculations clearly demonstrate that re-
actions of NOj radicals may explain, at

. least in part, the widely reported discrep-
ancy between measured ambient mono-
terpene concentrations and those pre-
dicted on the basis of emission rates (3—
5).

In the case of DMS, Andreae and
Raemdonck (10) recently reported that
over the remote equatorial Pacific Ocean
DMS concentrations exhibited a diurnal
profile. Concentrations ranged from
~ 50 to ~ 80 ppt (average, ~ 70 ppt),
with the higher concentrations during
nighttime hours. However, in atmo-
spheres over the Atlantic and Pacific
oceans and the Gulf of Mexico, which
they reported to be influenced by conti-
nental air masses, much lower (2.5 to 17
ppt) concentrations of DMS were ob-
served, with no diurnal variation. An-
dreae and Raemdonck suggested that ‘‘in
continentally influenced air masses there
is an additional removal process for
DMS that is not directly photochemical’’
(10, p. 746).

We propose that this unknown loss
process involves the nighttime reaction
between the NO; radical and DMS. To
test this, we carried out simulations cor-
responding to the two characteristic air
masses found at the locations they stud-
ied (10). For the clean troposphere over
the Pacific we chose NO, concentrations
of the order of 10 to 30 ppt (27, 28) and
ambient Oz concentrations of ~ 30 ppb
(28). These concentrations lead to a low
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Monoterpene reduction

NO; radical formation rate and hence a
low atmospheric concentration. Under
these conditions our calculations (29)
predict that the reaction of the NO,
radical with DMS will have only a small
effect on the DMS nighttime concentra-
tion (Fig. 3) and that the maximum night-
time concentration of NOs radical will be
~ 0.3 ppt. Thus, for clean maritime air
DMS will be essentially removed only by
OH radicals during daylight hours. In-
deed, our calculated diurnal range of
DMS concentrations of ~ 60 to ~ 140
ppt is reasonably consistent with the
profile reported by Andreae and Raem-
donck for remote Pacific regions (10).
On the other hand, maritime atmo-
spheres influenced by continental air
masses may contain significantly higher
concentrations of NO,, which lead to
correspondingly higher concentrations
of NOj; radicals at night. In this case the
nighttime reaction of DMS with NO;
radicals can become an important factor
in removing DMS (30). Indeed, an NO;
radical concentration of ~ 3 ppt would
be as important a sink for DMS during
the night (Fig. 3) as an OH radical con-
centration of 4 X 10° cm™ during the
day (a plausible average 12-hour value
for the Pacific Ocean at equatorial lati-
tudes). Nighttime concentrations of NO;
radicals higher than ~ 3 ppt would lead
to correspondingly lower nighttime DMS

Remote Pacific simulation

200 —

100

TTTTT]

50

20 —

DMS mixing ratio (ppt)

0 2 4 6 8 10
Hours after sunset

Fig. 3. Calculated time-concentration profiles
for dimethyl sulfide for constant NO; radical
concentrations of 0, 2, 5, and 10 ppt (dashed
lines) and for a simulated (29) remote Pacific
atmosphere (solid line).

concentrations; conversely, lower NO,
radical concentrations would permit ac-
cumulation of DMS during the night
(Fig. 3). Thus only modest concentra-
tions of NOj; radicals, at the low end of
the range observed to date in continental
air masses, are required to account for
the absence of a diurnal variation in
DMS concentrations for offshore mari-
time atmospheres (10).

Clearly, the NOj radical is a key atmo-
spheric constituent and its nighttime re-
actions with certain important biogeni-
cally emitted organic compounds should
be incorporated into chemical models of
the troposphere.

ARTHUR M. WINER
ROGER ATKINSON
JAMES N. PiTTS, JR.
Statewide Air Pollution Research
Center, University of California,
Riverside 92521
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Cytomegalovirus Replicates in Differentiated but Not in

Undifferentiated Human Embryonal Carcinoma Cells

Abstract. To study the mode of action of human cytomegalovirus, an important
teratogenic agent in human populations, the susceptibility of a pluripotent human
embryonal carcinoma cell line to the virus was investigated. Viral antigens were not
expressed nor was infectious virus produced by human embryonal carcinoma cells
after infection, although the virus was able to penetrate these cells. In contrast,

retinoic acid—induced differentiated derivatives of embryonal carcinoma cells were
permissive for antigen expression and infectious virus production. Replication of
human cytomegalovirus in human teratocarcinoma cells may therefore depend on
cellular functions associated with differentiation.

Intrauterine infection by human cyto-
megalovirus (HCMV) is a common cause
of abnormal embryogenesis and fetal
death (). In the United States HCMV
has been implicated in 2700 to 7600 cases
of congenital birth defects annually (2).
The mechanism and timing of fetal infec-
tion are obscure, since maternal infec-
tions are not usually clinically apparent,
but HCMV transmission and severe
damage to the fetus may occur very early
in pregnancy (3). Also, only human fi-
broblasts are normally susceptible to
productive infection by HCMYV in vitro,

and little is known about the control of
cellular susceptibility to HCMV infec-
tion, particularly in the human embryo.
Since embryonal carcinoma (EC) cells,
the stem cells of teratocarcinomas, are
thought to resemble cells of the early
>mbryo in their biochemical and devel-
opmental properties (4), the recent char-
acterization of a pluripotent human EC
cell line now permits experimental study
of the growth of HCMYV in a cell akin to
early human embryonic cells.

Line NT2/B9, a clonal human EC cell
line isolated from TERA-2 (5), exhibits a

Table 1. Susceptibility of NT2/B9 EC and RA-induced differentiated cells to HCMV infection,
as determined from the expression of viral antigens and the production of infectious virus. Cells
were grown, infected, and tested for the presence of viral antigens by immunofluorescence as
described in the legend to Fig. 1. The cells (3 X 10> to 5 x 10°) were counted in each
preparation to determine the percentage of cells positive for viral antigen. The number of cells
containing infectious virus was determined by an infectious center assay. Infected NT2/B9 cells
were washed five times in phosphate-buffered saline (PBS), trypsinized, and counted. Cells
(3 x 10% were incubated with an excess of antiserum to HCMV (1 ml; 1:8 dilution of the
antiserum and 1:24 dilution of guinea pig complement) for 1 hour, washed three times with PBS,
and seeded on three parallel cultures of confluent MRC-5 monolayers at 1 X 10> NT2/B9 cells
per petri dish. Cultures were overlaid with agar and the plaques were counted after 2 weeks.
The mean number of plaques in the three parallel cultures are given. The immune serum fully
neutralized approximately 3000 infectious particles at a dilution of 1:32 in separate experi-
ments. The yield of virus in the culture medium was determined by the method of Wentworth
and French (19). Expression of SSEA-3 was detected by reactivity of the cells with a specific
monoclonal antibody assayed by flow cytofluorometry (5). Abbreviation: PFU, plaque-forming
units.
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NT2/B9 1.2 1.4 1.8 0.03 12 94.5
NT2/B9 + RA 68 76 85 45 5% 103 3.2






