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Polluted air masses are characterized by high concentrations of
oxidized nitrogen compounds which are involved in photoche-
mical smog and ozone formation. The OH radical is a key species
in these oxidation processes. The photolysis of nitrous acid
(HNO2), in the morning, leads to the direct formation of the
OH radical and may therefore contribute significantly to the
initiation of the daytime photochemistry in the polluted plan-
etary boundary layer. But the formation of nitrous acid remains
poorly understood: experimental studies imply that a suggested
heterogeneous formation process involving NO2 is not efficient
enough to explain the observed night-time build-up of HNO2 in
polluted air masses1. Here we describe kinetic investigations
which indicate that the heterogeneous production of HNO2

from NO2 on suspended soot particles proceeds 105 to 107 times
faster than on previously studied surfaces. We therefore propose
that the interaction between NO2 and soot particles may account
for the high concentrations of HNO2 in air masses where com-
bustion sources contribute to air pollution by soot and NOx

emissions. We believe that the observed HNO2 formation results
from the reduction of NO2 in the presence of water by C–O and
C–H groups in the soot. Although prolonged exposure to oxidiz-
ing agents in the atmosphere is likely to affect the chemical
activity of these groups, our observations nevertheless suggest
that fresh soot may have a considerable effect on the chemical
reactions occurring in polluted air.

There is strong evidence that the spatial and temporal distribu-
tion of HNO2 throughout the planetary boundary layer (PBL) is
governed by continuous formation and daytime photolysis, which
result in pronounced diurnal cycles with night-time maxima of up
to more than 10 parts per billion by volume (p.p.b.v.). Correlation

analysis points to NO2 as a source component, and typical NO2

conversion rates inferred are 10−6 s−1 (refs 2–4). The gas phase
reaction of OH radicals with NO may only contribute significantly
to the very low HNO2 levels found during the day. HNO2 emitted
directly from combustion processes, together with other oxidized
nitrogen compounds and soot, is of minor importance5. Therefore,
a heterogeneous process involving NO2 has been suggested. The
maximum surface area per unit volume, S/V, attributed to ground
and airborne surfaces is 10−2 cm−1 and 10−5 cm−1, respectively, for
typical mixing heights (minimum, 100 m during the night) in the
PBL. These surfaces have been proposed to catalyse the reaction
between NO2 and H2O to form nitric and nitrous acid (reaction
(1)), but measured HNO2 formation rates using different types of
bulk surfaces (solid materials and aqueous solutions) were found to
be two to five orders of magnitude smaller than the NO2 to HNO2

conversion rates inferred from atmospheric observations1.

2NO2 þ H2O ¼ HNO3 þ HNO2 ð1Þ
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Figure 1 Online record of the rate of H13NO2 formation from 12p.p.b.v. NO2 in the

absence and presence of soot particles. The data, obtained over a period of

80min, record the rate of H13NO2 formation 20 s after two different gas flows have

been mixed in a flow reactor at 22 8C, ambient pressure and 50% relative humidity.

The first gas flow, containing NO2 (enriched with 13NO2) in He and 20% O2, is

introduced at a rate of 5 cm3 s−1. The 13NO2 content is adjusted so that the 13NO2

molecules are fed into the reactor at a rate of 5 3 106 s2 1. The NOx-free soot

aerosol is produced with a pulsed spark discharge between graphite rods in Ar,

followed by dilution with air and a thermodenuder operating at 400 8C. O2, N2 and

H2O impurities in the Ar (99.998%) give rise to soot-like complex organic carbon

compounds on the particle surfaces. Before introducing the gas mixture contain-

ing the aerosol into the reactor at a rate of 13.3 cm3 s−1, part of the flow is passed

through a differential mobility analyser coupled to a condensation particle

counter to monitor the concentration and size distribution of the aerosol. The

total flow rate through the 80-cm-long glass reactor (2.5 cm inner diameter) is

18.3 cm3 s−1, and the gas mixture contains 14% O2, 47% N2,13% He, 26% Ar,1.2%

H2O and 12p.p.b.v. NO2. For product detection and identification, 5 compound-

specific 40-cm-long glass denuders (4mm inner diameter) were designed as

coils around the g-ray detectors (5.5 cm diameter). The first was coated with

sodium chloride (HNO3 detection), the second and third with a sodium carbo-

nate/glycerol mixture (HNO2), the fourth with a triethanolamine/guaiacol mixture

(NO2), and the fifth with cobalt(II/III) oxide (NO). For HNO2, the two denuders with

the same coating in series allowed a correction for interference by NO2. The g-ray

activities measured at the denuders (NO2 and HNO2) and at the filter (Nchem) were

converted to fluxes of molecules into each trap using the 9.96-min half-life of 13N.

In each experiment, the background effect caused by the reaction of NO2 to HNO2

at the glass walls of the flow reactor (reaction (1)) was measured before and after

the soot particles were present.
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Significant chemical effects of soot from both natural and
anthropogenic sources in the atmosphere have been postulated6,
but previous experimental studies on the reaction of NO2 with soot
to form NO or HNO2 were mostly performed with bulk carbonac-
eous samples in vacuum or with very high NO2 concentrations (refs
7–9). That is, the reaction has not yet been studied under realistic
conditions with respect to the physical and chemical characteristics
of the soot surface, pressure, NO2 concentration and humidity. The
present study addresses this shortcoming by making use of the
short-lived radioactive isotope 13N (half-life 9.96 min) as a tracer10,11

to monitor the effects of soot aerosol on NO and HNO2 formation
under conditions typical for the polluted troposphere.

The interaction between NO2 and soot particles was studied in a
flow reactor at 22 8C, ambient pressure and 50% relative humidity.
A flow of inert gas and oxygen containing 12 p.p.b.v. NO2 (enriched
with 13NO2) and a flow of an air/inert-gas mixture containing
suspended soot particles, both equilibrated to a relative humidity
of 50%, were mixed in the reaction vessel. The extent of the
interaction between NO2 and soot aerosol was monitored by
combining 13N measurements with the denuder technique11,12

which differentiates between chemical compounds according to
their reactivity. This set-up allows the simultaneous and online
measurement of nitric acid (HNO3), HNO2, NO2, NO and particle-
bound products (chemisorbed nitrogen, Nchem) in the gas leaving
the reaction vessel.

The soot aerosol was monitored online by differential mobility
analysis13 giving concentrations of typically 2 3 106 particles cm 2 3

with an average diameter of 70 nm and S/V of 3 3 10 2 4 cm 2 1. This
size distribution agrees with measured black carbon size distribu-
tions in the polluted PBL14. For non-sperhical particles, the equiva-
lent mobility diameter, which is the diameter of the sphere with the
same mobility, is the preferred size parameter when mass transfer to
agglomerated aerosol particles is considered15. The total surface area
density derived with this technique for weighed samples of particles
collected on a filter was 300 m2 g−1. Carbon and oxygen chemistry
on the surface of the soot particles was checked by X-ray photo-
electron spectroscopy16 which is sensitive to chemical bonding of
the elements present in the uppermost layers of the surface. The
spectra in the C(1s) and O(2p) region were similar to samples
directly collected from diesel exhaust, indicating that the soot
particles used in the present experiments expose similar C–O and
C–H functionalities as fresh diesel soot particles. Thermal analysis17

showed that they contained 40% organic and 60% elemental carbon
which again is typical for soot from combustion exhaust18. The soot
particles used here thus seem to adequately represent the chemical
and physical characteristics of fresh soot emitted to the atmosphere
by combustion sources, while still being suitable for a very sensitive
laboratory aerosol study.

Figure 1 shows the fluxes of HNO2, NO2 and Nchem that are
detected 20 s after the gas flows containing the reagents have mixed
in the reaction vessel. In the absence of soot aerosol, the NO2, HNO2

and Nchem fluxes are fairly constant, with only relatively small
amounts of HNO2 and Nchem being formed. In the presence of
soot aerosol, however, the HNO2 flux increases significantly, thus
providing direct evidence for substantial heterogeneous HNO2

production. To obtain an estimate for the rate of production,
HNO2 concentrations were inferred from the measured fluxes and
monitored as a function of reaction time (the time that has elapsed
after the reagent flows have mixed in the reaction vessel). Figure 2
shows data obtained in the presence of 12 p.p.b.v. NO2 and for
reaction times ranging from 5 to 155 s. The data indicate that HNO2

is produced under these conditions at a rate of 1:0 3 1012 molecules
per s per cm2 aerosol surface. The data also imply that HNO2

formation is much more rapid within the first 5 s after the reaction
has been initiated. With a modified experimental set-up that
improved the time-resolution of the system, a HNO2 production
rate of 3:3 3 1013 molecules per s per cm2 aerosol surface was

derived on this time scale (Fig. 3). The probability that a collision
between a NO2 molecule and a soot particle will result in the
formation of HNO2 is known as the reaction probability g. The data
shown in Figs 2 and 3 yield values of 1:1 3 10 2 2 and 3:3 3 10 2 4,
respectively, for this parameter. The reaction probability of reaction
(1) at 50% relative humidity, in contrast, is only 3 3 10 2 9 as
inferred from laboratory studies on other surfaces (ref. 1), thus
indicating that the interaction between NO2 and the soot aerosols
studied here leads to a HNO2 formation rate that is about 5 to 7
orders of magnitude faster.

The previously suggested heterogeneous process (reaction (1))
(ref. 19) predicts the formation of equal amounts of HNO2 and
HNO3, but we were not able to detect the latter as a product of the
NO2/soot interaction. Although it is conceivable that HNO3

remains adsorbed to the particle surface, or that it decomposes
into NO (ref. 8), these processes are not likely to explain the
observed absence of significant HNO3 formation: the concentration
of particle-bound N-species we measured was two orders of
magnitude lower than the amount of HNO2 formed while NO
formation was below the detection limit (1‰ of the NO2 concen-
tration) of our system. These observations imply that, instead of the
disproportionation of N(IV) into equal amounts of N(V) and N(III)
species, a net reduction of N(IV) to N(III) is taking place at low NO2

concentrations. Although previous studies8,9,19 have already indi-
cated that NO2 may be reduced on soot to form NO or N2O, our
observations suggest the existence of an additional reaction channel
(reaction (2)) that results in HNO2 formation.

NO2 þ redads → HNO2ðgÞ þ oxads ð2Þ

Reaction time (s)
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Figure 2 HNO2 concentrations, normalized to total particle surface area, as a

function of reaction time. The data were obtained using the system described in

Fig.1. The reaction times could be varied between 5 and 20 s by using a movable

inlet for the introduction of the NO2 gas flow, thereby achieving a range of

distances (and hence reaction times) between the mixing of the two gas flows

and the detection of reaction products. The longer reaction times of 50 s,114 s and

155 s were achieved by using 3 larger reaction vessels with fixed inlets and

diameters of 4 cm, 6 cm and 7 cm. After subtraction of the background signals

(obtained as in Fig. 1) for each experiment, the HNO2 concentration was calcu-

lated from the net flux of 13N molecules into the denuder and the gas flow rate of

16.7 cm3 s−1 through the denuders, and assuming constant ratios of labelled to

non-labelled molecules for all species. HNO2 formation is normalized to the total

particle surface area calculated by integration of the size spectra obtained with

the differentialmobility analyserduringeach experiment. The reaction probability,

g, was calculated from the linear regression of the data (solid line) and the gas

kinetic fluxof NO2 molecules to the particle surface. The dashed line indicates the

fast onset of HNO2 production at times below 5s.
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Reaction (2) is presented as a net reaction without explicitly stating
its elementary steps, where redads and oxads denote a reduced and an
oxidized site on the soot surface, respectively. The electron transfer
properties of the carbon-oxygen functionalities typical for soot7 are
not sufficiently understood to allow a specific assignment of the
different kinetic regimes found (Figs 2 and 3). Our results clearly
indicate that HNO2 forms much more efficiently than NO. The slow
NO formation was quantified in our earlier aerosol study11, and is in
contrast to reports on bulk amorphous carbon samples giving a
reaction probability of 10−1 for NO formation8,9.

We performed several tests to explore the sensitivity of reaction
(2) to oxygen, ozone and humidity. Exposure of the soot particles to
NOx-free air of 50% relative humidity for 1 min before the reaction
with NO2 did not change the HNO2 output, suggesting that oxygen
does not compete with NO2 for reducing groups on the soot surface.
A corresponding pretreatment of the particles with 200 p.p.b.v.
ozone (O3) for 2 min reduced HNO2 formation by 40%. On the
other hand, HNO2 formation was not affected when the particles
were exposed to 12 p.p.b.v. NO2 and up to 200 p.p.b.v. O3 at the
same time, indicating that ozone will not significantly influence
HNO2 formation on soot in the atmosphere in the short term. Whereas
reaction (1) was found to be very sensitive to the water concentration19,
in our experiments, at 0.5% relative humidity the formation of
HNO2 was (within the experimental uncertainty) the same as at
60%. Even at these low humidities, the gas-phase concentration of
H2O is large enough to allow some soot functionalities (such as
carboxyl groups) to be hydrated or to lead to the presence of
physisorbed H2O (ref. 8).

Urban air masses typically contain14 10 mg m−3 soot, which
corresponds to an aerosol surface to volume ratio of
3 3 10 2 5 cm 2 1 (assuming a specific surface area identical to that
measured for our model aerosol). Using these values and the
reaction probabilities obtained from our experiments, we calculate
night-time NO2 conversion rates of 3:7 3 10 2 3 s 2 1 and
1:1 3 10 2 4 s 2 1 at 10 p.p.b.v. NO2 and 50% relative humidity for
the two different kinetic regimes. The long-term kinetics of reaction
(2) could not be studied due to the low half-life of 13N, but already
within the short timescale of our study (155 s), the observed HNO2

production (3 3 1014 molecules cm 2 2) builds up 0.3 p.p.b.v. HNO2.
Extrapolated to longer timescales (10 h night-time) or lower soot
loadings (0.1 to 1 mg m−3 for rural areas), concentrations typical for
the PBL are reached (0.01 to 10 p.p.b.v.; ref. 1). After high HNO2

levels have built up during the night, the yield of OH radicals from
its photolysis in the morning (maximum, 3 3 107 cm 2 3 s 2 1 for
1 p.p.b.v. HNO2) exceeds other photochemical sources of
OH radical which reach their maximum around noon (typically
107 cm−3 s−1)4. Hence, the high reactivity of soot particles in the
polluted PBL may be one of the main factors in initiating daytime
photochemistry. The suggested HNO2 production on soot particles
may also play an important role in less polluted rural areas where a
fast HNO2 production process has been postulated to bring mea-
sured HNO2 values and a photochemical model into agreement21.

Soot particles have been suggested6,22 to affect the nitrogen oxide
chemistry of the remote troposphere and stratosphere by reducing
HNO3 and NO2 to NO. We find, in contrast, that the reduction of
NO2 in polluted air masses leads to at least two orders of magnitude
more HNO2 than NO. Furthermore, the HNO2 that has been built
up throughout the night is photolysed the next morning to form the
strongly oxidizing OH radical, and it therefore seems unlikely that
heterogeneous reactions on soot particles result in a net reduction of
the nitrogen oxide species in polluted air. The process may even have
a net oxidizing effect on nitrogen oxides, and hence on ozone in the
PBL, but in the absence of detailed model calculations a reliable
assessment of its overall effect is not yet possible.

Soot particles are ubiquitous throughout the atmosphere23,
including the upper troposphere and lower stratosphere24. During
their long residence times in the atmosphere they undergo a variety
of ageing processes, such as the proposed reaction with NO2,
reactions with other oxidants, and coating with sulphuric acid or
secondary organic material. On aged soot, the HNO2 formation
process suggested here may only be significant if surface species
oxidized by reaction (2) are recycled. SO2 could be a good candidate
to maintain such a mechanism25, and solar radiation could affect the
fate of the oxidized surface by inducing decarboxylation26 or other
photon-induced formation of new surface radicals27. Although
HNO2 formation on soot in remote areas of the PBL has already
been suggested (ref. 28) to mediate the nitration of hydrocarbon
trace species, a reliable assessment of the overall effects of this
process requires further studies of the heterogeneous chemistry of
aged soot and its associated secondary constituents. M
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of the signals with and without the aerosol at each segment was integrated along
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A ubiquitous feature of upper-mantle seismic velocity models has
been the presence of high-velocity ‘keels’ beneath stable conti-
nental interiors1–5. Uncertainty remains, however, regarding the
maximum depth to which continental keels extend, the degree to
which they have cooled the mantle that surrounds them and their
role in mantle flow. Here we investigate thermal anomalies across
the eastern margin of the North American continental keel by
imaging the seismic discontinuities at depths of 410 and 660 km
with compressional-to-shear converted waves recorded by a
1,500-km-long seismometer deployment in the eastern United
States. The thickness of the transition zone (the region nominally
between depths of 410 and 660 km) and the depth to the ‘410-km’
discontinuity indicate that cold keel material and sub-keel down-
wellings must be largely confined to the upper mantle and may

impinge on the transition zone only in localized regions and with
thermal anomalies of less than ,150 K. A 20-km depression of the
‘660-km’ discontinuity to the south of the westernmost stations
coincides with a region of fast velocity in the deep transition zone2

and may be associated with the remnants of the subducted
Farallon plate1,2,4.

Discontinuities in seismic velocity have been observed at depths
of roughly 410 km and 660 km in the Earth’s mantle (hereafter
referred to as the ‘410’ and ‘660’). These discontinuities mark the
upper and lower boundaries of the mantle transition zone, and are
generally interpreted as mineral phase transitions from a-olivine to
b-spinel, and from g-spinel to perovskite+magnesiowüstite, respec-
tively. The Clapeyron slopes of the equilibrium phase boundaries
indicate that the depth of the ‘410’ discontinuity should be deflected
upwards in regions of colder temperature, whereas the ‘660’ should
be deflected downwards. The topography of the ‘410’ and ‘660’
discontinuities can therefore provide information about thermal
structure in the mantle transition zone.

Knowledge of transition-zone temperatures below continental
regions is important in understanding the role of continental keels
in mantle flow. High-velocity keels have been imaged beneath stable
continental interiors to depths of 300 km or more, but although
keel velocity anomalies are strongest in the upper mantle, their
maximum depth extent has not been clearly resolved1–7. Some
studies have argued that continental keels are neutrally buoyant
features in which positive density anomalies due to cold tempera-
ture are roughly balanced by negative density anomalies due to
chemical depletion5,8,9. However, other investigations have con-
cluded that keels are in fact anomalously dense, and should be
associated with broad zones of strong mantle downwelling10,11. In
addition, even if keels are neutrally buoyant, the presence of these
cold anomalies in the mantle over timescales of 1–2 Gyr may
produce small-scale convective instabilities at the base of the
keel12. Transition-zone discontinuity topography can constrain
the maximum depth extent of the cold keel itself, and if down-
welling is occurring, the strength and wavelength of these convective
instabilities.

Seismological investigations have reached a variety of conclusions
regarding transition-zone discontinuity topography across continental
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Figure 1 Ps conversion points at depths of 410 km (small black symbols) and

660 km (small white symbols) plotted on S-wave velocity anomalies from Grand2

for depths of 175–250 km. Temporary stations of the MOMA array are shown as

larger white circles, permanent stations HRV and CCM are denoted by larger

white triangles, and the small symbol plotted at each station corresponds to the

symbol of nearby Ps conversions recorded by that station. Bin numbers are given

below the centre of each bin. The margin of the continental keel is marked by the

west-to-east decrease in velocity anomaly, and iswell sampled byPs conversions

from depths near 410 and 660 km.


