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ATMOSPHER IC SC I ENCE

Extensive field evidence for the release of HONO from
the photolysis of nitrate aerosols
Simone T. Andersen1†*, Lucy J. Carpenter1*, Chris Reed2, James D. Lee1,3, Rosie Chance1,
Tomás Sherwen1,3, Adam R. Vaughan1, Jordan Stewart1, Pete M. Edwards1, William J. Bloss4,
Roberto Sommariva4, Leigh R. Crilley4‡, Graeme J. Nott2, Luis Neves5, Katie Read1,3,
Dwayne E. Heard6, Paul W. Seakins6, Lisa K. Whalley2,6, Graham A. Boustead6, Lauren T. Fleming6,
Daniel Stone6, Khanneh Wadinga Fomba7

Particulate nitrate (pNO�3 ) has long been considered a permanent sink for NOx (NO and NO2), removing a
gaseous pollutant that is central to air quality and that influences the global self-cleansing capacity of the at-
mosphere. Evidence is emerging that photolysis of pNO�3 can recycle HONO and NOx back to the gas phase with
potentially important implications for tropospheric ozone and OH budgets; however, there are substantial dis-
crepancies in “renoxification” photolysis rate constants. Using aircraft and ground-based HONO observations in
the remote Atlantic troposphere, we show evidence for renoxification occurring on mixed marine aerosols with
an efficiency that increases with relative humidity and decreases with the concentration of pNO�3 , thus largely
reconciling the very large discrepancies in renoxification photolysis rate constants found across multiple labo-
ratory and field studies. Active release of HONO from aerosol has important implications for atmospheric oxi-
dants such as OH and O3 in both polluted and clean environments.
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INTRODUCTION
Nitrous acid (HONO) has a pivotal role in tropospheric chemistry
as an important source of the hydroxyl radical (OH) (1–7). It has
also been proposed as a substantial source of NOx (NO and NO2)
to the remote marine environment (8–10). NOx regulates the abun-
dance of atmospheric oxidants and is essential for the formation of
secondary atmospheric aerosols, and OH controls the self-cleansing
capacity of the atmosphere via degradation of pollutants and green-
house gases such as methane (1).

HONO is produced through the gas-phase reaction of NO and
OH radicals (R1) and lost through photolysis (R2), reaction with
OH radicals (R3), and dry deposition (R4)

NOþ OHþM !
k1 HONOþM ðR1Þ

HONOþ hvð, 390 nmÞ !
jHONO

OHþ NO ðR2Þ

HONOþ OH !
k3 H2OþNO2 ðR3Þ

HONO !
kdep

ðR4Þ

In the remote oceanic troposphere, NOx levels are too low to
supply any notable levels of HONO from R1 and primary HONO
emission sources such as vehicle exhaust, wild fires, and soils (2, 3,
11) are absent. Recent measurements also suggest the absence of an
ocean surface source (8). Reactions on aerosol surfaces have histor-
ically been suggested to make only moderate contributions to
daytime HONO formation (5), although there is evidence for
NO2-to-HONO conversion on aerosols in polluted to semi-pollut-
ed regions (4, 6, 7). However, recent field observations in the marine
atmosphere have indicated that photolysis of particulate nitrate
(pNO�3 ) associated with sea salt aerosol can be an important
source of HONO and NOx (9, 10, 12), consistent with laboratory
studies demonstrating that photolysis of pNO�3 is significantly en-
hanced compared to photolysis of gaseous HNO3, with HONO and
NOx as the major products (13–20)

pNO�3 þ hv !
jpNO�3 xHONOþ yNO2 ðR5Þ

This “renoxification” process is important because it offers a
rapid route for recycling of NOx from inorganic nitrate, which
has historically been thought to be slow because of the small pho-
tolysis frequency of gas phase HNO3. If renoxification supplies a
substantial amount of NOx to remote oceanic regions, where
sources have been considered to be limited primarily to ship emis-
sions and to transport and decomposition of peroxyacetyl nitrate, it
could have a global-scale impact on production of tropospheric ox-
idants such as O3 and OH and, hence, on methane removal (21).

The photolysis rate constant of renoxification, jpNO�3 , is typical-
ly expressed as a ratio to the gas-phase HNO3 photolysis frequency,
giving an enhancement factor f = jpNO�3

jHNO3
. There is a very high uncer-

tainty in f, with laboratory and field studies reporting values span-
ning three orders of magnitude (Table 1). Field observations of
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HONO in the remote oceanic atmosphere, which offer a robust
method to diagnose the presence of any missing sources but are
so far limited to only a few days of measurements, have been recon-
ciled with known sources and sinks using f of between ~25 and 450
(9, 12, 21, 22). This range is within reported values from laboratory
studies on various surfaces (14, 18–20, 23) and aerosol filter samples
(17) of between ~10 and 1700. However, recent experiments using
suspended nitrate particles (23) and calculations derived from ob-
served ratios of NOx/HNO3 in the polluted boundary layer (24)
have derived a much smaller f of 1 to 30. Thus, there is as yet no
consensus on whether renoxification offers a limited or a highly sig-
nificant role in the NOx andOH budgets of remote environments or
field evidence for HONO production from renoxification occurring
on ambient aerosol other than sea salt aerosol.

RESULTS
The ARNA (Atmospheric Reactive Nitrogen over the remote Atlan-
tic) field campaigns took place over the tropical Atlantic Ocean in
August 2019 and February 2020 using the FAAM BAe-146-301 at-
mospheric research aircraft and in August 2019 at the Cape Verde
Atmospheric Observatory (CVAO; Fig. 1A). Twelve flights (four in
summer and eight in winter; Fig. 1B) were conducted with in situ
measurements including NO, NO2, HONO, O3, and aerosol surface
area. pNO�3 was determined from aerosol filters sampled over each
straight-and-level run (SLR). Photolysis rates and OH radical con-
centrations were modeled using the global three-dimensional atmo-
spheric chemistry model GEOS-Chem. At the CVAO, NOx, pNO�3 ,
O3, and photolysis rates are measured routinely, and these were sup-
plemented by HONO measurements during the ARNA cam-
paigns (10).

Figure 1 (C to G) shows the aircraft vertical profiles of NO, NO2,
HONO, and pNO�3 and total aerosol surface area. For NO, NO2,
and pNO�3 , the vertical profiles show clear enhancements between
1500 and 2500 m. The air sampled in this layer predominately orig-
inates from over Africa (figs. S1 and S2) and shows tracers of
biomass burning and dust in the aerosol composition (figs. S3
and S4). The mean mixing ratios of HONO (±1 SD) were
18.2 ± 5.9 parts per trillion by volume (pptv) in the marine boun-
dary layer (MBL) and 14.2 ± 6.4 pptv above theMBL (0.5 to 3.0 km).
Figure 2A shows that HONO levels measured at the CVAO were
about a factor of 3 lower (4.7 ± 1.8 pptv at solar noon) than the
MBL aircraft measurements but similar to previous measurements
made at the CVAO (~3.5 pptv at solar noon) (10).

The lifetime of HONO during the ARNA and CVAO campaigns
was approximately 12 min; thus, the steady-state HONO concentra-
tions can be estimated from balancing the known in situ production
and loss mechanisms described in R1 to R4 (see the Supplementary
Materials). For the entire dataset, measured HONO levels were sub-
stantially larger than these calculated levels, which are negligible in
this very low NOx environment (Figs. 1F and 2A), demonstrating
the presence of an additional source. Figure 2B shows that the
missing HONO source required to balance the measured HONO
concentrations was strongly correlated with solar irradiance
(plotted as jHNO3) in the CVAO data (r2 of linear fit = 0.79), con-
sistent with a photochemical mechanism such as reaction R5. For
the CVAO campaign, HONO was measured over full diurnal
cycles (i.e., a large range of solar irradiance values) in homogeneous
air experiencing relatively invariant pNO�3 concentrations (mean
and SD of 19.0 ± 5.6 nmol m−3). The aircraft sorties experienced
a much larger range of pNO�3 concentrations (33.5 ± 19.8 nmol
m−3), aerosol compositions, and relative humidities (RHs), and

Table 1. Overview of previous studies investigating the production of HONO from surface-adsorbed HNO3/nitrate. Concentrations of pNO�3 given in other
units than mol m−3 were converted using temperature at 298 K and pressure at 1 atm. jpNO�3 was determined from the production of HONO + NO2, and
jpNO�3 ! HONO is determined from the production of HONO. Enhancement factors were estimated using jHNO3 = 7 × 10−7 s−1 if not reported in the study.

Study type Surface [pNO3
−] (10−9 mol m−3) jpNO3

−

(10−5 s−1)
jpNO3

− →
HONO (10−5 s−1)

Enhancement
factor ( f )

Airmass
origin

Reference

Field Aerosols 0.04–2.0 20 150–450 Marine (9)

Field/
laboratory

Aerosols 0.7–39.5 0.62–50.0 8–700 Urban,
rural, remote

(17)

Field/model Aerosols 40–265* 1–30 (24)

Global
model

Aerosols 0.4–40 25–100 Marine (21)

Laboratory Aerosols† 1600–9700 <10 (23)

Field/
laboratory

Aerosols 5–15 18–54‡ Marine (12)

Surface Density of HNO3 on surface
(10−7 mol m−2)

jpNO3
−

(10−5 s−1)
jpNO3

− →
HONO (10−5 s−1)

Enhancement
factor ( f )

Airmass
origin

Laboratory Urban
Grime

120 1700 Urban (14)

Laboratory Aluminum 4–251 5.7–15.3 8–220 (20)

Laboratory Oak 3–174 1.6–37.0 20–530 (20)

Laboratory Maple 22–380 0.9–4.9 10–70 (20)

*pNO�3 here is the sum of pNO�3 and HNO3 (5th to 95th percentiles). †Pure nitrate salts added to Teflon chambers. ‡Twenty-fifth to75th percentiles.
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here, the relationship between the missing HONO source and
jHNO3 was weak. Potential reasons for the lower missing HONO
source in the ground-based CVAO measurements are dis-
cussed below.

The missing HONO source is plotted against jHNO3 � ½pNO�3 �
in Fig. 3A. If the missing source was entirely due to renoxification
(PHONOhet), then it should be equal to the product of
jpNO�3 and pNO�3 and the slope equal to f because f = jpNO�3

jHNO3
.

Figure 3A shows, however, that there was no simple linear relation-
ship between these parameters, unlike a previous field study of re-
noxification occurring on sea salt aerosol in the marine atmosphere
(9). These results indicate thatmore factors were influencing jpNO�3
than simply the intensity of solar radiation.

The ARNA flights encompassed a range of RH, from low humid-
ities (<~30% RH), where sea salt particles are expected to be dry and
solid, to those where they become deliquesced (>45 to 55% RH) and
therefore contain some water on the surface, to high humidities
(>75% RH), where sea salt aerosols will be present as suspended
droplets (25). We find significant differences in f across these RH
ranges, with average values of 156 ± 91 (1σ), 96 ± 49, and 39 ± 29
for >75% RH, 53 to 75% RH, and <30% RH, respectively (P < 0.0001
when comparing the samples where RH >75% and RH <30%).
Figure 3B illustrates the general tendency for f to increase with
RH; a simple linear fit has an r2 of 0.44. Solid-phase nitrate
aerosol exhibits a much lower quantum yield of photolysis com-
pared to aqueous phase (26) because the products cannot diffuse
out of the particle but instead will recombine. A marked increase
in f on particulate sodium nitrate between dry conditions (~3%

RH), with negligible renoxification, and higher RH representing
aqueous aerosol have been found in the laboratory (23). Our obser-
vations show that such effects are identifiable in the atmosphere.

We also find that f reduces with ½pNO�3 �, as shown in Fig. 3C,
which shows both our aircraft and ground-based (CVAO) data. In
air masses dominated by sea salt aerosol with generally low [pNO�3 ],
we find an average f calculated from the aircraft data of 157 (range,
54 to 297), similar to the airborne study of Ye et al. (9) who derived
fobs of 150 to 450 on sea salt aerosol. We observed similar enhance-
ment factors for mixed sea salt/dust aerosol; however, significantly
lower f was derived for biomass burning aerosol, which contained
high ½pNO�3 � ( f of ~10 to 60). Laboratory measurements of HONO
production from photolysis of aerosol filter samples collected in
urban, suburban/rural, and remote areas (17) reported a notably
similar relationship between the enhancement factor and ½pNO�3 �
as our study. The Ye et al. (17) fit to their laboratory data is shown in
Fig. 3C as the gray dashed line. Their jpNO�3effective was converted to
an enhancement factor using jHNO3 = 7 × 10−7 s−1, which corre-
sponds to typical tropical summer conditions on the ground (solar
elevation angle θ = 0°) as simulated in their light-exposure experi-
ments, thus

f ¼
6:1�10� 4�lnð1þ4:4�10� 1�½pNO�3 �Þ

½pNO�3 �
� 3:5� 10� 5

7� 10� 7
ð1Þ

where [pNO�3 ] is the ambient concentration in units of 10−9 mol
m−3 (air). This empirical relationship was attributed by Ye et al.
(17) to a surface catalysis mechanism for renoxification because it
is consistent with that observed in the photolysis of surface-

Fig. 1. Flight tracks and vertical profiles of pNO�3 , NO, NO2, HONO, and aerosol surface area during ARNA-1 (August 2019) and ARNA-2 (February 2020). (A) Map
over the region, where the red box is the area shown in (B). (B) Flight tracks from ARNA-1 in red colors and ARNA-2 in blue colors, alongside the location of the CVAO. The
vertical profiles of (C) pNO�3 , (D) NO, (E), NO2, (F) HONO, and (G) aerosol surface area are colored by their respective flight tracks as shown in (B). Each data point is an
average of an SLR. The gray vertical line in (F) shows the range of calculated HONO gas-phase source–only concentrations for each SLR during the flights. The error bars
represent the 1σ uncertainties described in Supplementary Text.
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adsorbed HNO3/nitrate on various surfaces (20). Our observations
span a much wider range of pNO�3 concentrations than previous
field studies (9, 10, 12), allowing the relationship of ½pNO�3 � with
the renoxification rate constant to be explored in the field. Given
that the Ye et al. (17) experiments were carried out on aerosol col-
lected primarily from urban or urban-influenced locations, it is not
unexpected to find significant differences in the absolute values of f
between and within these studies. However, Fig. 3C demonstrates a
remarkable similarity in the general relationship of f with
bulk nitrate.

Recent laboratory experiments and field observations of NOx/
HNO3 ratios have derived enhancement factors of <30 and have
suggested therefore that renoxification plays only a limited role in
atmospheric chemistry (blue and gray boxes in Fig. 3D) (23, 24).
However, these studies were carried out under very high pNO�3
mass concentrations, where our observations would suggest only
low enhancement factors that have only a small dependence on
pNO�3 across the concentration ranges explored.

We next further explore the relationship between f and [pNO�3 ].
A number of studies have indicated that renoxification is driven by
photolysis of surface-bound rather than bulk nitrate. Nitrate or
nitric acid adsorbed on surfaces can undergo a much more rapid
photolysis compared to bulk aqueous nitrate or gas phase HNO3
due to enhanced absorption cross sections arising from optimal
alignment and orientation of HNO3 molecules on surfaces (13,
15, 27) and high quantum yields (compared to the aqueous
phase) due to reduced solvent cage effects (13). Therefore, if the
nitric acid is located substantially on or near the aerosol surface,
its photolysis rate could be enhanced by orders of magnitude over
that of gas-phase nitric acid.While molecular dynamics simulations
offer conflicting results as to whether nitrate anions prefer interfa-
cial to bulk solvation, the presence of certain cations has been
shown experimentally to lead to preferential distributions of
nitrate ion at the interface (28–30). In addition, several experimental
studies show that the products of nitrate photolysis are enhanced by
the presence of halide ions, a phenomenon that has been attributed
to the known surface affinity of halide ions pulling sodium cations
closer, in turn, drawing NO3

− to the interface (31–35). We illustrate

this surface-enhanced mechanism in Fig. 4. Potential synergisms
between HNO3 and organic films (36, 37) could further enhance
the concentration and photochemistry of surface nitrate compared
to bulk aerosol nitrate.

If renoxification is controlled by the availability of surface NO�3 ,
then wewould expect f to be dependent on the partitioning between
the equilibrium surface and equilibrium bulk nitrate in liquid (del-
iquesced) aerosol. If nitrate behaves as a surfactant, as suggested by
the theoretical and laboratory studies discussed above, then such
partitioning can be described using a Langmuir adsorption iso-
therm

½pNO�3 �surface ¼
Q0 KL ½pNO�3 �bulk
1þ KL½pNO�3 �bulk

ð2Þ

whereQ0 is themaximum loading of adsorbate NO�3 corresponding
to complete monolayer coverage [reaching saturation under condi-
tions of high solute ([pNO�3 ]bulk) concentration] and KL is the
Langmuir equilibrium constant of NO�3 .

Because we measured bulk pNO�3 rather than surface-bound, we
can define PHONOhet as jpNO�3effective � ½pNO

�
3 �bulk and the observa-

tionally derived enhancement factor, fobs, as
jpNO�3effective

jHNO3
. Thus, it

follows that

f obs ¼
jpNO�3surface
jHNO3

�
½pNO�3 �surface
½pNO�3 �bulk

ð3Þ

The dependence of fobs on [pNO�3 ]bulk can then be estimated by
combining Eqs. 2 and 3

f obs ¼
f :½pNO�3 �surface
½pNO�3 �bulk

¼
f :Q0 KL

1þ KL½pNO�3 �bulk
ð4Þ

where f = jpNO3surface /jHNO3.
Figure 3D shows how the Langmuir expression (Eq. 4) fits the

enhancement factors derived from our field data under conditions
where the aerosol was expected to be deliquesced (RH > 53%;
colored circle and empty blue triangles), along with the Ye et al.
(9) marine boundary layer data (orange box), the laboratory data
of Ye et al. (17) (gray symbols) and of Shi et al. (23) (gray bar),

Fig. 2. Evidence for a photochemical origin of the missing HONO source. (A) Average diurnal cycle of HONOmixing ratios measured at the CVAO in August 2019 (red),
where the shaded area shows ± the SE of themeasurements, compared to calculated HONO photostationary state (PSS; see Supplementary Text) mixing ratios (gray). The
deviation from PSS maximizes around local noon, indicating that the additional source term has a strong photolytic dependence. (B) Missing HONO source at the CVAO
(hourly averages, red circles, r2 of linear fit = 0.79) and for the aircraft data (hourly averages, black unfilled circles, r2 of linear fit = 0.06) plotted against jHNO3.
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and those derived from ambient measurements of the NOx/HNO3
ratio (blue bar) (24).

The best fit for Eq. 4 was found, using the mean f of 70 and
[pNO�3 ]bulk concentrations in units of 10−9 mol m−3 air (as deter-
mined from filter measurements), with Q0 = 29 nmol m−3 and KL =
0.19 nmol−1 m3. Calculations using the aerosol thermodynamics
module ISORROPIA II (38) using the ARNA aerosol composition,
temperature, and humidity data (see the Supplementary Materials)
show that for RH > 53%, essentially all (>99%) of the nitrate (gas
phase HNO3 and pNO�3 ) was in the particle phase. For equivalently
humid conditions, the solute ([pNO�3 ]bulk) concentrations are thus
proportional to the [pNO�3 ] concentrations in air, and we use the
latter for ease of comparison across studies. Note that Eq. 4 only
considers production of HONO and ignores any coproduction of
NOx. This is important to note when comparing our enhancement
factors to laboratory studies, which have measured the production
of all gaseous oxidized nitrogen products although is of limited con-
sequence if the yield of HONO is >0.9, as suggested from a budget
analysis of field measurements (22).

Although there is significant variance in the data around the
simple Langmuir fit of f, likely due to differences in humidity and
aerosol composition as discussed above, the reasonable fit
(r2 = 0.44) demonstrates a potential explanation for the observed
dependence of the renoxification enhancement factor on
½pNO�3 �bulk across multiple studies. Alternative mechanisms for
these observed relationships include competing decomposition
pathways of NO2

− leading to greater conversion to non-HONO
products at high nitrate concentrations (39) and a reduction in
the quantum yield for NO2

− formation at high nitrate concentra-
tions (40). Noting that halide anions and sodium cations have
been suggested to lead to enhancement of the surface concentration
and photochemistry of surface nitrate compared to bulk aerosol
nitrate, we also plot f against [pCl−]/[pNO�3 ] and [pNa+]/[pNO

�
3 ]

in fig. S5. While the enhancement factor generally increases with
these ratios, this could simply be a reflection of the relationship of
f with RH (Fig. 3B) because RH was higher in air masses containing
elevated sea salt. Ultimately, our field observations are not able to
demonstrate what factors besides RH and [pNO�3 ] control the re-
noxification efficiency but suggest that additional variables are af-
fecting f to an important degree.

DISCUSSION
The observations shown here represent the most extensive field
measurements of HONO in the marine atmosphere to date and
confirm its widespread presence in the marine lower troposphere
at mixing ratios in the range of ~5 to 20 pptv. The fact that
HONO production occurs in association with a wide range of
aerosol types shows that renoxification is not limited to sea salt
aerosol although is strongly restricted under dry conditions (such
as those in the free troposphere), where aerosols are not deliquesced.

Nevertheless, the relationships found between the enhancement
factor f and aerosol composition, alongside the fact that the derived
pNO�3 photolysis rates are orders of magnitude higher than gas
phase nitric acid photolysis rates, are consistent with a surface
aerosol mechanism for renoxification. The observed reduction in
the renoxification efficiency with increasing concentration of
pNO�3 helps reconcile the very large discrepancies in renoxification
photolysis rate constants found across multiple laboratory and field
studies. The observations emphasize the importance in laboratory
renoxification studies of generating aerosol composition as repre-
sentative as possible of the clean marine troposphere.

The relationships observed among f, humidity, and [pNO�3 ]
were undoubtedly affected by additional sources of variability. In
sunlight, NO3

− photolysis occurs predominantly via two channels:
one producing the nitrite anion (NO2

−) and O(3P) and the other
producing NO2 and OH (39). Gaseous HONO production from
the former pathway requires acidity and has been found to be
strongly dependent on aerosol pH (16). Here, we note that the
ground-based CVAO HONO measurements were associated with
lower enhancements (shown in Fig. 3C) compared to the aircraft
observations. One potential reason for this is that the surface mea-
surements experience fresh rather than aged sea salt aerosol due to
sampling within the surf zone. They would therefore likely be asso-
ciated with higher aerosol pH, which disfavors HONO production.
It has also been shown that the renoxification rate constant can be
enhanced in the presence of organic matter, through various

Fig. 3. Relationships of PHONOhet and enhancement factors with various atmo-
spheric parameters. (A) Calculated missing HONO source (PHONOhet) versus the
product of ½pNO�3 �bulk and the photolysis frequency of gaseous HNO3. Note the
lack of a simple linear relationship. Data points are colored according to the dom-
inant aerosol classification (Supplementary Materials). ½pNO�3 �bulk was converted
from nmol m−3 to pptv using surface pressure and temperature. The ½pNO�3 �bulk
used is a lower limit, meaning the derived f are upper limits, due to a potentially
lower than 100% sampling efficiency of coarse mode aerosols (>1 μm) for aircraft
measurements (56–58). (B) Derived enhancement factors as a function of RH. (C)
Derived enhancement factors as a function of ½pNO�3 �bulk. Also shown are the lab-
oratory data of Ye et al. (17) using aerosol filters (gray triangles) and their fit to the
data (gray dashed line) and the aircraft data of Ye et al. (9) from the remote North
Atlantic marine boundary layer (orange rectangle). (D) Enhancement factors as a
function of a wide range of ½pNO�3 �bulk. Same as (C) but a wider comparison of fobs
with previously reported values and data restricted to conditions where the
aerosol was expected to be deliquesced. The dotted line shows the Langmuir fit
(Eq. 4) applied to all data.
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mechanisms (16, 24, 36, 41–45). It is expected therefore to find a
variation of f beyond that described by our simple relationships, al-
though investigation of these additional factors is outside the scope
of our study.

Because it has been previously determined that f of 25 to 50 oc-
curring only on sea salt aerosol results in peak enhancements of 20
to 60% for OH, 10 to 30% for ozone, and up to a factor of 20 for NOx
concentrations in the tropical and subtropical marine boundary
layer (21), it is clear that the rapid production of HONO observed
in this study occurring on diverse aerosol types, showing a mean f of
70 across all samples, will have a substantial impact on our under-
standing of atmospheric oxidant cycling. We note additionally that
nitrate aerosols have become increasingly more important in the at-
mosphere because of an increase in precursor ammonia emissions
and a decline of ammonium sulfate aerosols (46). Thus, recycling of
nitric acid to nitrogen oxides on nitrate aerosol could have impor-
tant, increasing, and as yet unexplored implications for the trends
and distributions of atmospheric oxidants.

MATERIALS AND METHODS
At the CVAO, HONO was measured using a long-path absorption
photometer (LOPAP-03, QUMA GmbH) (47). The calibration and
standard operating procedures are described by Kleffman and
Wiesen (48). In 2019 (data shown in Fig 2), the instrument was de-
ployed on top of a 7.5-m tower, and the detection limit was 1.1 pptv
(2σ, 30 s). Because of the sampling time for the aerosol composition
being 24 hours, the CVAOHONO data used in Fig. 3 were averaged
over 1000 to 1500 local time to illustrate their relationship with
pNO�3 . Aerosol samples collected at the CVAO were analyzed for
major ions using a standard ion chromatography technique as de-
scribed by Fomba et al. (49). Filters were changed every 24 hours,
and the composition was assumed to be uniform across the sam-
pling period. NOx has been measured continually at the CVAO
since 2006 using a chemiluminescence instrument (Air Quality
Design Inc.) (50, 51).

On the FAAM aircraft, NOx (NO + NO2) and HONOwere mea-
sured using differential photolysis (52), where NO2 and HONO are
photolytically converted into NO, followed by NO chemilumines-
cence detection using a dual-channel instrument equipped with two
custom-built photolytic converters. The HONO conversion effi-
ciencies were calibrated against an ultraviolet-visible cavity en-
hanced absorption spectroscopy using HIRAC [The Highly
Instrumented Reactor for Atmospheric Chemistry (53)] similarly
to Reed et al. (52) (see the Supplementary Materials). The average
HONO detection limit over the SLR was 4.2 pptv (2σ). Aerosol
chemical composition was determined by off-line analysis of filter
samples. Two identical inlets are mounted on the port side of the
aircraft allowing collection of duplicate samples. During the
ARNA campaigns, sampled aerosol were divided into two size frac-
tions according to aerodynamic particle diameter (approximately
corresponding to >1 and <1 μm). Filters were stored frozen
(−20°C) until extraction. Anions (Cl−, NO3

−, NO2
−, SO4

2−, and
C2O4

2−) and cations (Na+, K+, NH4
+, Ca2+, and Mg2+) were deter-

mined in the aqueous extracts using ion chromatography (Thermo
Fisher Scientific, Dionex-1100; see the Supplementary Materials).

Photolysis rates and OH concentrations were extracted for all
ground and airborne observations at the nearest point in space
and time from the GEOS-Chem model (v12.9.0, DOI:10.5281/
zenodo.3950327). The model was run at a nested horizontal resolu-
tion of 0.25° × 0.3125° over the region (−32.0° to 15.0°E, 0.0° to
34.0°N), with boundary conditions provided by a separate global
model run spun up for 1 year. The photolysis rates are calculated
online in quadrature using Fast-JX code (54, 55). Comparison
with available campaign observations is described in the Supple-
mentary Materials.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S9

Fig. 4. Potential surface-mediated mechanism for renoxification on nitrate aerosol. Nitrate photolysis can be enhanced by the presence of halide ions, which have a
well-established affinity for the surface. This has been attributed to the enhanced partitioning of nitrate ions at the interface because of the existence of a double layer of
interfacial halide ions and subsurface counterion (31–35).

Andersen et al., Sci. Adv. 9, eadd6266 (2023) 18 January 2023 6 of 9

SC I ENCE ADVANCES | R E S EARCH ART I C L E
D

ow
nloaded from

 https://w
w

w
.science.org at U

niversity of B
irm

ingham
 on A

ugust 01, 2023

http://dx.doi.org/10.5281/zenodo.3950327
http://dx.doi.org/10.5281/zenodo.3950327


Table S1
References

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES
1. P. S. Monks, C. Granier, S. Fuzzi, A. Stohl, M. L. Williams, H. Akimoto, M. Amann, A. Baklanov,

U. Baltensperger, I. Bey, N. Blake, R. S. Blake, K. Carslaw, O. R. Cooper, F. Dentener,
D. Fowler, E. Fragkou, G. J. Frost, S. Generoso, P. Ginoux, V. Grewe, A. Guenther,
H. C. Hansson, S. Henne, J. Hjorth, A. Hofzumahaus, H. Huntrieser, I. S. A. Isaksen,
M. E. Jenkin, J. Kaiser, M. Kanakidou, Z. Klimont, M. Kulmala, P. Laj, M. G. Lawrence,
J. D. Lee, C. Liousse, M. Maione, G. McFiggans, A. Metzger, A. Mieville, N. Moussiopoulos,
J. J. Orlando, C. D. O’Dowd, P. I. Palmer, D. D. Parrish, A. Petzold, U. Platt, U. Pöschl,
A. S. H. Prévôt, C. E. Reeves, S. Reimann, Y. Rudich, K. Sellegri, R. Steinbrecher, D. Simpson,
H. ten Brink, J. Theloke, G. R. van der Werf, R. Vautard, V. Vestreng, C. Vlachokostas, R. von
Glasow, Atmospheric composition change—Global and regional air quality. Atmos.
Environ. 43, 5268–5350 (2009).

2. N. Theys, R. Volkamer, J. F. Müller, K. J. Zarzana, N. Kille, L. Clarisse, I. De Smedt, C. Lerot,
H. Finkenzeller, F. Hendrick, T. K. Koenig, C. F. Lee, C. Knote, H. Yu, M. Van Roozendael,
Global nitrous acid emissions and levels of regional oxidants enhanced by wildfires. Nat.
Geosci. 13, 681–686 (2020).

3. H. Su, Y. Cheng, R. Oswald, T. Behrendt, I. Trebs, F. X. Meixner, M. O. Andreae, P. Cheng,
Y. Zhang, U. Pöschl, Soil nitrite as a source of atmospheric HONO and OH radicals. Science
333, 1616–1618 (2011).

4. X. Lu, Y. Wang, J. Li, L. Shen, J. C. H. Fung, Evidence of heterogeneous HONO formation
from aerosols and the regional photochemical impact of this HONO source. Environ. Res.
Lett. 13, 114002 (2018).

5. X. Li, F. Rohrer, A. Hofzumahaus, T. Brauers, R. Häseler, B. Bohn, S. Broch, H. Fuchs,
S. Gomm, F. Holland, J. Jäger, J. Kaiser, F. N. Keutsch, I. Lohse, K. Lu, R. Tillmann,
R. Wegener, G. M. Wolfe, T. F. Mentel, A. Kiendler-Scharr, A. Wahner, Missing gas-phase
source of HONO inferred from Zeppelin measurements in the troposphere. Science 344,
292–296 (2014).

6. N. Zhang, X. Zhou, P. B. Shepson, H. Gao, M. Alaghmand, B. Stirm, Aircraft measurement of
HONO vertical profiles over a forested region. Geophys. Res. Lett. 36, (2009).

7. Z. Liu, Y. Wang, F. Costabile, A. Amoroso, C. Zhao, L. G. Huey, R. Stickel, J. Liao, T. Zhu,
Evidence of aerosols as a media for rapid daytime HONO production over China. Environ.
Sci. Technol. 48, 14386–14391 (2014).

8. L. R. Crilley, L. J. Kramer, F. D. Pope, C. Reed, J. D. Lee, L. J. Carpenter, L. D. J. Hollis, S. M. Ball,
W. J. Bloss, Is the ocean surface a source of nitrous acid (HONO) in the marine boundary
layer? Atmos. Chem. Phys. 21, 18213–18225 (2021).

9. C. Ye, X. Zhou, D. Pu, J. Stutz, J. Festa, M. Spolaor, C. Tsai, C. Cantrell, R. L. Mauldin,
T. Campos, A. Weinheimer, R. S. Hornbrook, E. C. Apel, A. Guenther, L. Kaser, B. Yuan,
T. Karl, J. Haggerty, S. Hall, K. Ullmann, J. N. Smith, J. Ortega, C. Knote, Rapid cycling of
reactive nitrogen in the marine boundary layer. Nature 532, 489–491 (2016).

10. C. Reed, M. J. Evans, L. R. Crilley, W. J. Bloss, T. Sherwen, K. A. Read, J. D. Lee, L. J. Carpenter,
Evidence for renoxification in the tropical marine boundary layer. Atmos. Chem. Phys. 17,
4081–4092 (2017).

11. J. N. Pitts, H. W. Biermann, A. M. Winer, E. C. Tuazon, Spectroscopic identification and
measurement of gaseous nitrous acid in dilute auto exhaust. Atmos. Environ. 18,
847–854 (1984).

12. Y. Zhu, Y. Wang, X. Zhou, Y. F. Elshorbany, C. Ye, M. Hayden, A. J. Peters, An investigation
into the chemistry of HONO in the marine boundary layer at Tudor Hill Marine Atmo-
spheric Observatory in Bermuda. Atmos. Chem. Phys. 22, 6327–6346 (2022).

13. C. Zhu, B. Xiang, L. T. Chu, L. Zhu, 308 nm photolysis of nitric acid in the gas phase, on
aluminum surfaces, and on ice films. J. Phys. Chem. A 114, 2561–2568 (2010).

14. A. M. Baergen, D. J. Donaldson, Photochemical renoxification of nitric acid on real urban
grime. Environ. Sci. Technol. 47, 815–820 (2013).

15. J. Du, L. Zhu, Quantification of the absorption cross sections of surface-adsorbed nitric
acid in the 335–365 nm region by Brewster angle cavity ring-down spectroscopy. Chem.
Phys. Lett. 511, 213–218 (2011).

16. N. K. Scharko, A. E. Berke, J. D. Raff, Release of nitrous acid and nitrogen dioxide from
nitrate photolysis in acidic aqueous solutions. Environ. Sci. Technol. 48,
11991–12001 (2014).

17. C. Ye, N. Zhang, H. Gao, X. Zhou, Photolysis of particulate nitrate as a source of HONO and
NOx. Environ. Sci. Technol. 51, 6849–6856 (2017).

18. C. Ye, N. Zhang, H. Gao, X. Zhou, Matrix effect on surface-catalyzed photolysis of nitric
acid. Sci. Rep. 9, 4351 (2019).

19. X. Zhou, H. Gao, Y. He, G. Huang, S. B. Bertman, K. Civerolo, J. Schwab, Nitric acid pho-
tolysis on surfaces in low-NOx environments: Significant atmospheric implications.
Geophys. Res. Lett. 30, (2003).

20. C. Ye, H. Gao, N. Zhang, X. Zhou, Photolysis of nitric acid and nitrate on natural and ar-
tificial surfaces. Environ. Sci. Technol. 50, 3530–3536 (2016).

21. P. Kasibhatla, T. Sherwen, M. J. Evans, L. J. Carpenter, C. Reed, B. Alexander, Q. Chen,
M. P. Sulprizio, J. D. Lee, K. A. Read, W. Bloss, L. R. Crilley, W. C. Keene, A. A. P. Pszenny,
A. Hodzic, Global impact of nitrate photolysis in sea-salt aerosol on NOx, OH, and O3 in the
marine boundary layer. Atmos. Chem. Phys. 18, 11185–11203 (2018).

22. C. Ye, D. E. Heard, L. K. Whalley, Evaluation of novel routes for NOx formation in remote
regions. Environ. Sci. Technol. 51, 7442–7449 (2017).

23. Q. Shi, Y. Tao, J. E. Krechmer, C. L. Heald, J. G. Murphy, J. H. Kroll, Q. Ye, Laboratory in-
vestigation of renoxification from the photolysis of inorganic particulate nitrate. Environ.
Sci. Technol. 55, 854–861 (2021).

24. P. S. Romer, P. J. Wooldridge, J. D. Crounse, M. J. Kim, P. O. Wennberg, J. E. Dibb, E. Scheuer,
D. R. Blake, S. Meinardi, A. L. Brosius, A. B. Thames, D. O. Miller, W. H. Brune, S. R. Hall,
T. B. Ryerson, R. C. Cohen, Constraints on aerosol nitrate photolysis as a potential source of
HONO and NOx. Environ. Sci. Technol. 52, 13738–13746 (2018).

25. J. Zeng, G. Zhang, S. Long, K. Liu, L. Cao, L. Bao, Y. Li, Sea salt deliquescence and crys-
tallization in atmosphere: An in situ investigation using x-ray phase contrast imaging. Surf.
Interface Anal. 45, 930–936 (2013).

26. S. A. Asher, D. D. Tuschel, T. A. Vargson, L. Wang, S. J. Geib, Solid state and solution nitrate
photochemistry: Photochemical evolution of the solid state lattice. Chem. A Eur. J. 115,
4279–4287 (2011).

27. C. Zhu, B. Xiang, L. Zhu, R. Cole, Determination of absorption cross sections of surface-
adsorbed HNO3 in the 290–330 nm region by Brewster angle cavity ring-down spectro-
scopy. Chem. Phys. Lett. 458, 373–377 (2008).

28. J. Cheng, C. D. Vecitis, M. R. Hoffmann, A. J. Colussi, Experimental anion affinities for the
air/water interface. J. Phys. Chem. B. 110, 25598–25602 (2006).

29. M. Xu, R. Spinney, H. C. Allen, Water structure at the air−aqueous interface of divalent
cation and nitrate solutions. J. Phys. Chem. B. 113, 4102–4110 (2009).

30. W. Hua, D. Verreault, H. C. Allen, Surface electric fields of aqueous solutions of NH4NO3,
Mg(NO3)2, NaNO3, and LiNO3: Implications for atmospheric aerosol chemistry. J. Phys.
Chem. C 118, 24941–24949 (2014).

31. L. M. Wingen, A. C. Moskun, S. N. Johnson, J. L. Thomas, M. Roeselová, D. J. Tobias,
M. T. Kleinman, B. J. Finlayson-Pitts, Enhanced surface photochemistry in chloride–nitrate
ion mixtures. Phys. Chem. Chem. Phys. 10, 5668–5677 (2008).

32. N. K. Richards, B. J. Finlayson-Pitts, Production of gas phase NO2 and halogens from the
photochemical oxidation of aqueous mixtures of sea salt and nitrate Ions at room tem-
perature. Environ. Sci. Technol. 46, 10447–10454 (2012).

33. N. K. Richards, L. M. Wingen, K. M. Callahan, N. Nishino, M. T. Kleinman, D. J. Tobias,
B. J. Finlayson-Pitts, Nitrate ion photolysis in thin water films in the presence of bromide
ions. J. Phys. Chem. A 115, 5810–5821 (2011).

34. R. Zhang, M. Gen, D. Huang, Y. Li, C. K. Chan, Enhanced sulfate production by nitrate
photolysis in the presence of halide ions in atmospheric particles. Environ. Sci. Technol.
54, 3831–3839 (2020).

35. A. C. Hong, S. N. Wren, D. J. Donaldson, Enhanced surface partitioning of nitrate anion in
aqueous bromide solutions. J. Phys. Chem. Lett. 4, 2994–2998 (2013).

36. S. R. Handley, D. Clifford, D. J. Donaldson, Photochemical loss of nitric acid on organic
films: A possible recycling mechanism for NOx. Environ. Sci. Technol. 41,
3898–3903 (2007).

37. N. Nishino, S. A. Hollingsworth, A. C. Stern, M. Roeselová, D. J. Tobias, B. J. Finlayson-Pitts,
Interactions of gaseous HNO3 and water with individual and mixed alkyl self-assembled
monolayers at room temperature. Phys. Chem. Chem. Phys. 16, 2358–2367 (2014).

38. C. Fountoukis, A. Nenes, ISORROPIA II: A computationally efficient thermodynamic
equilibriummodel for K+, Ca2+, Mg2+, NH4+, Na+, SO42−-, NO3−-, Cl−-, H2O aerosols. Atmos.
Chem. Phys. 7, 4639–4659 (2007).

39. M. Gen, Z. Liang, R. Zhang, B. R. GoMabato, C. K. Chan, Particulate nitrate photolysis in the
atmosphere. Environ. Sci. Atmos. 2, 111–127 (2022).

40. M. Roca, J. Zahardis, J. Bone, M. El-Maazawi, V. H. Grassian, 310 nm irradiation of atmo-
spherically relevant concentrated aqueous nitrate solutions: Nitrite production and
quantum yields. J. Phys. Chem. A 112, 13275–13281 (2008).

41. M. Ndour, P. Conchon, B. D’Anna, O. Ka, C. George, Photochemistry of mineral dust
surface as a potential atmospheric renoxification process. Geophys. Res. Lett. 36, (2009).

42. D. I. Reeser, N.-O. A. Kwamena, D. J. Donaldson, Effect of organic coatings on gas-phase
nitrogen dioxide production from aqueous nitrate photolysis. J. Phys. Chem. C 117,
22260–22267 (2013).

43. J. E. Dyson, G. A. Boustead, L. T. Fleming, M. Blitz, D. Stone, S. R. Arnold, L. K. Whalley,
D. E. Heard, Production of HONO from NO2 uptake on illuminated TiO2 aerosol particles

Andersen et al., Sci. Adv. 9, eadd6266 (2023) 18 January 2023 7 of 9

SC I ENCE ADVANCES | R E S EARCH ART I C L E
D

ow
nloaded from

 https://w
w

w
.science.org at U

niversity of B
irm

ingham
 on A

ugust 01, 2023

https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/science.abb6396


and following the illumination of mixed TiO2 ammonium nitrate particles. Atmos. Chem.
Phys. 21, 5755–5775 (2021).

44. S. L. Mora Garcia, S. Pandit, J. G. Navea, V. H. Grassian, Nitrous acid (HONO) formation from
the irradiation of aqueous nitrate solutions in the presence of marine chromophoric
dissolved organic matter: Comparison to other Organic photosensitizers. ACS Earth Space
Chem. 5, 3056–3064 (2021).

45. X. Wang, E. Z. Dalton, Z. C. Payne, S. Perrier, M. Riva, J. D. Raff, C. George, Superoxide and
nitrous acid production from nitrate photolysis is enhanced by dissolved aliphatic organic
matter. Environ. Sci. Technol. Lett. 8, 53–58 (2021).

46. S. E. Bauer, D. Koch, N. Unger, S. M. Metzger, D. T. Shindell, D. G. Streets, Nitrate aerosols
today and in 2030: A global simulation including aerosols and tropospheric ozone. Atmos.
Chem. Phys. 7, 5043–5059 (2007).

47. J. Heland, J. Kleffmann, R. Kurtenbach, P. Wiesen, A new instrument to measure gaseous
nitrous acid (HONO) in the atmosphere. Environ. Sci. Technol. 35, 3207–3212 (2001).

48. J. Kleffmann, P. Wiesen, Technical note: Quantification of interferences of wet chemical
HONO LOPAP measurements under simulated polar conditions. Atmos. Chem. Phys. 8,
6813–6822 (2008).

49. K. W. Fomba, K. Müller, D. van Pinxteren, L. Poulain, M. van Pinxteren, H. Herrmann, Long-
term chemical characterization of tropical and marine aerosols at the Cape Verde At-
mospheric Observatory (CVAO) from 2007 to 2011. Atmos. Chem. Phys. 14,
8883–8904 (2014).

50. S. T. Andersen, L. J. Carpenter, B. S. Nelson, L. Neves, K. A. Read, C. Reed, M. Ward,
M. J. Rowlinson, J. D. Lee, Long-term NOx measurements in the remote marine tropical
troposphere. Atmos. Meas. Tech. 14, 3071–3085 (2021).

51. J. D. Lee, S. J. Moller, K. A. Read, A. C. Lewis, L. Mendes, L. J. Carpenter, Year-round
measurements of nitrogen oxides and ozone in the tropical North Atlantic marine
boundary layer. J. Geophys. Res. Atmos. 114, (2009).

52. C. Reed, C. A. Brumby, L. R. Crilley, L. J. Kramer, W. J. Bloss, P. W. Seakins, J. D. Lee,
L. J. Carpenter, HONO measurement by differential photolysis. Atmos. Meas. Tech. 9,
2483–2495 (2016).

53. D. R. Glowacki, A. Goddard, K. Hemavibool, T. L. Malkin, R. Commane, F. Anderson,
W. J. Bloss, D. E. Heard, T. Ingham, M. J. Pilling, P. W. Seakins, Design of and initial results
from a highly instrumented reactor for atmospheric chemistry (HIRAC). Atmos. Chem.
Phys. 7, 5371–5390 (2007).

54. J. Mao, D. J. Jacob, M. J. Evans, J. R. Olson, X. Ren, W. H. Brune, J. M. S. Clair, J. D. Crounse,
K. M. Spencer, M. R. Beaver, P. O. Wennberg, M. J. Cubison, J. L. Jimenez, A. Fried,
P. Weibring, J. G. Walega, S. R. Hall, A. J. Weinheimer, R. C. Cohen, G. Chen, J. H. Crawford,
C. McNaughton, A. D. Clarke, L. Jaeglé, J. A. Fisher, R. M. Yantosca, P. Le Sager, C. Carouge,
Chemistry of hydrogen oxide radicals (HOx) in the Arctic troposphere in spring. Atmos.
Chem. Phys. 10, 5823–5838 (2010).

55. H. Bian, M. J. Prather, Fast-J2: Accurate simulation of stratospheric photolysis in global
chemical models. J. Atmos. Chem. 41, 281–296 (2002).

56. P. Formenti, W. Elbert, W. Maenhaut, J. Haywood, M. O. Andreae, Chemical composition of
mineral dust aerosol during the Saharan Dust Experiment (SHADE) airborne campaign in
the Cape Verde region, September 2000. J. Geophys. Res. Atmos. 108, 8576 (2003).

57. M. O. Andreae, W. Elbert, R. Gabriel, D. W. Johnson, S. Osborne, R. Wood, Soluble ion
chemistry of the atmospheric aerosol and SO2 concentrations over the eastern North
Atlantic during ACE-2. Tellus B 52, 1066–1087 (2000).

58. A. Sanchez-Marroquin, D. H. P. Hedges, M. Hiscock, S. T. Parker, P. D. Rosenberg, J. Trem-
bath, R. Walshaw, I. T. Burke, J. B. McQuaid, B. J. Murray, Characterisation of the filter inlet
system on the FAAM BAe-146 research aircraft and its use for size-resolved aerosol
composition measurements. Atmos. Meas. Tech. 12, 5741–5763 (2019).

59. L. J. Carpenter, Z. L. Fleming, K. A. Read, J. D. Lee, S. J. Moller, J. R. Hopkins, R. M. Purvis,
A. C. Lewis, K. Müller, B. Heinold, H. Herrmann, K. W. Fomba, D. van Pinxteren, C. Müller,
I. Tegen, A. Wiedensohler, T. Müller, N. Niedermeier, E. P. Achterberg, M. D. Patey,
E. A. Kozlova, M. Heimann, D. E. Heard, J. M. C. Plane, A. Mahajan, H. Oetjen, T. Ingham,
D. Stone, L. K. Whalley, M. J. Evans, M. J. Pilling, R. J. Leigh, P. S. Monks, A. Karunaharan,
S. Vaughan, S. R. Arnold, J. Tschritter, D. Pöhler, U. Frieß, R. Holla, L. M. Mendes, H. Lopez,
B. Faria, A. J. Manning, D. W. R. Wallace, Seasonal characteristics of tropical marine
boundary layer air measured at the Cape Verde Atmospheric Observatory. J. Atmos. Chem.
67, 87–140 (2010).

60. K. A. Read, A. S. Mahajan, L. J. Carpenter, M. J. Evans, B. V. E. Faria, D. E. Heard, J. R. Hopkins,
J. D. Lee, S. J. Moller, A. C. Lewis, L. Mendes, J. B. McQuaid, H. Oetjen, A. Saiz-Lopez,
M. J. Pilling, J. M. C. Plane, Extensive halogen-mediated ozone destruction over the
tropical Atlantic Ocean. Nature 453, 1232–1235 (2008).

61. M. J. A. Rijkenberg, C. F. Powell, M. Dall’Osto, M. C. Nielsdottir, M. D. Patey, P. G. Hill,
A. R. Baker, T. D. Jickells, R. M. Harrison, E. P. Achterberg, Changes in iron speciation fol-
lowing a Saharan dust event in the tropical North Atlantic Ocean. Mar. Chem. 110,
56–67 (2008).

62. I. Chiapello, G. Bergametti, L. Gomes, B. Chatenet, F. Dulac, J. Pimenta, E. S. Suares, An
additional low layer transport of Sahelian and Saharan dust over the north-eastern
Tropical Atlantic. Geophys. Res. Lett. 22, 3191–3194 (1995).

63. C. A. Keller, K. E. Knowland, B. N. Duncan, J. Liu, D. C. Anderson, S. Das, R. A. Lucchesi,
E. W. Lundgren, J. M. Nicely, E. Nielsen, L. E. Ott, E. Saunders, S. A. Strode, P. A. Wales,
D. J. Jacob, S. Pawson, Description of the NASA GEOS Composition Forecast Modeling
System GEOS-CF v1.0. J. Adv. Model. Earth Syst. 13, e2020MS002413 (2021).

64. I. B. Pollack, B. M. Lerner, T. B. Ryerson, Evaluation of ultraviolet light-emitting diodes for
detection of atmospheric NO2 by photolysis-chemiluminescence. J. Atmos. Chem. 65,
111–125 (2010).

65. C. Reed, M. J. Evans, P. D. Carlo, J. D. Lee, L. J. Carpenter, Interferences in photolytic NO2
measurements: Explanation for an apparent missing oxidant? Atmos. Chem. Phys. 16,
4707–4724 (2016).

66. G. A. Boustead, “Measurement of nitrous acid production from aerosol surfaces using
photo-fragmentation laser induced fluorescence,” thesis, University of Leeds, (2019).

67. D. Silvia, J. Skilling, Data Analysis: A Bayesian Tutorial (Oxford Univ. Press, ed. 2, 2006).

68. R. Chance, T. D. Jickells, A. R. Baker, Atmospheric trace metal concentrations, solubility
and deposition fluxes in remote marine air over the south-east Atlantic. Mar. Chem. 177,
45–56 (2015).

69. M. O. Andreae, Soot carbon and excess fine potassium: Long-range transport of com-
bustion-derived aerosols. Science 220, 1148–1151 (1983).

70. A. R. Baker, T. D. Jickells, K. F. Biswas, K. Weston, M. French, Nutrients in atmospheric
aerosol particles along the Atlantic Meridional Transect. Deep-Sea Res. II Top. Stud. Oce-
anogr. 53, 1706–1719 (2006).

71. W. Stumm, J. J. Morgan, in Aquatic Chemistry (John Wiley, 1996), pp. 1022.

72. H. C. Price, K. J. Baustian, J. B. McQuaid, A. Blyth, K. N. Bower, T. Choularton, R. J. Cotton,
Z. Cui, P. R. Field, M. Gallagher, R. Hawker, A. Merrington, A. Miltenberger, R. R. Neely III,
S. T. Parker, P. D. Rosenberg, J. W. Taylor, J. Trembath, J. Vergara-Temprado, T. F. Whale,
T. W. Wilson, G. Young, B. J. Murray, Atmospheric ice-nucleating particles in the dusty
tropical Atlantic. J. Geophys. Res. Atmos. 123, 2175–2193 (2018).

73. P. D. Rosenberg, A. R. Dean, P. I. Williams, J. R. Dorsey, A. Minikin, M. A. Pickering, A. Petzold,
Particle sizing calibration with refractive index correction for light scattering optical
particle counters and impacts upon PCASP and CDP data collected during the Fennec
campaign. Atmos. Meas. Tech. 5, 1147–1163 (2012).

74. OPAC (Optical Properties of Aerosols and Clouds) aerosol database, https://geisa.aeris-
data.fr/opac/ [accessed 4 June 2021].

75. M. Hess, P. Koepke, I. Schult, Optical properties of aerosols and clouds: The software
package OPAC. Bull. Am. Meteorol. Soc. 79, 831–844 (1998).

76. C. L. Ryder, F. Marenco, J. K. Brooke, V. Estelles, R. Cotton, P. Formenti, J. B. McQuaid,
H. C. Price, D. Liu, P. Ausset, P. D. Rosenberg, J. W. Taylor, T. Choularton, K. Bower, H. Coe,
M. Gallagher, J. Crosier, G. Lloyd, E. J. Highwood, B. J. Murray, Coarse-mode mineral dust
size distributions, composition and optical properties from AER-D aircraft measurements
over the tropical eastern Atlantic. Atmos. Chem. Phys. 18, 17225–17257 (2018).

77. B. Weinzierl, D. Sauer, M. Esselborn, A. Petzold, A. Veira, M. Rose, S. Mund, M. Wirth,
A. Ansmann, M. Tesche, S. Gross, V. Freudenthaler, Microphysical and optical properties of
dust and tropical biomass burning aerosol layers in the Cape Verde region—An overview
of the airborne in situ and lidar measurements during SAMUM-2. Tellus B 63,
589–618 (2011).

78. C. L. Ryder, E. J. Highwood, A. Walser, P. Seibert, A. Philipp, B. Weinzierl, Coarse and giant
particles are ubiquitous in Saharan dust export regions and are radiatively significant over
the Sahara. Atmos. Chem. Phys. 19, 15353–15376 (2019).

79. K. Kandler, K. Lieke, N. Benker, C. Emmel, M. Küpper, D. Müller-Ebert, M. Ebert,
D. Scheuvens, A. Schladitz, L. Schütz, S. Weinbruch, Electron microscopy of particles
collected at Praia, Cape Verde, during the Saharan Mineral Dust Experiment: Particle
chemistry, shape, mixing state and complex refractive index. Tellus B 63, 475–496 (2011).

80. T. Müller, A. Schladitz, K. Kandler, A. Wiedensohler, Spectral particle absorption coeffi-
cients, single scattering albedos and imaginary parts of refractive indices from ground
based in situ measurements at Cape Verde Island during SAMUM-2. Tellus B 63,
573–588 (2011).

81. B. T. Johnson, S. R. Osborne, J. M. Haywood, M. A. J. Harrison, Aircraft measurements of
biomass burning aerosol over West Africa during DABEX. J. Geophys. Res. Atmos.
113, (2008).

82. K. Lieke, K. Kandler, D. Scheuvens, C. Emmel, C. V. Glahn, A. Petzold, B. Weinzierl, A. Veira,
M. Ebert, S. Weinbruch, L. Schütz, Particle chemical properties in the vertical column
based on aircraft observations in the vicinity of Cape Verde Islands. Tellus B 63,
497–511 (2011).

83. S. Lance, C. A. Brock, D. Rogers, J. A. Gordon, Water droplet calibration of the Cloud
Droplet Probe (CDP) and in-flight performance in liquid, ice and mixed-phase clouds
during ARCPAC. Atmos. Meas. Tech. 3, 1683–1706 (2010).

Andersen et al., Sci. Adv. 9, eadd6266 (2023) 18 January 2023 8 of 9

SC I ENCE ADVANCES | R E S EARCH ART I C L E
D

ow
nloaded from

 https://w
w

w
.science.org at U

niversity of B
irm

ingham
 on A

ugust 01, 2023

https://geisa.aeris-data.fr/opac/
https://geisa.aeris-data.fr/opac/


84. W. C. Hinds, Aerosol Technology: Properties, Behavior, and Measurement of Airborne Parti-
cles (Wiley, ed. 2, 1999).

85. K. R. Travis, C. L. Heald, H. M. Allen, E. C. Apel, S. R. Arnold, D. R. Blake, W. H. Brune, X. Chen,
R. Commane, J. D. Crounse, B. C. Daube, G. S. Diskin, J. W. Elkins, M. J. Evans, S. R. Hall,
E. J. Hintsa, R. S. Hornbrook, P. S. Kasibhatla, M. J. Kim, G. Luo, K. McKain, D. B. Millet,
F. L. Moore, J. Peischl, T. B. Ryerson, T. Sherwen, A. B. Thames, K. Ullmann, X. Wang,
P. O. Wennberg, G. M. Wolfe, F. Yu, Constraining remote oxidation capacity with ATom
observations. Atmos. Chem. Phys. 20, 7753–7781 (2020).

86. R. R. Draxler, G. Hess, Description of the HYSPLIT4 modeling system (Air Resources Lab-
oratory, 1997).

87. J. D. Lee, F. A. Squires, T. Sherwen, S. E. Wilde, S. J. Cliff, L. J. Carpenter, J. R. Hopkins,
S. J. Bauguitte, C. Reed, P. Barker, G. Allen, T. J. Bannan, E. Matthews, A. Mehra, C. Percival,
D. E. Heard, L. K. Whalley, G. V. Ronnie, S. Seldon, T. Ingham, C. A. Keller, K. E. Knowland,
E. G. Nisbet, S. Andrews, Ozone production and precursor emission from wildfires in
Africa. Environ. Sci. Atmos. 1, 524–542 (2021).

88. D. L. Savoie, J. M. Prospero, E. S. Saltzman, Non-sea-salt sulfate and nitrate in trade wind
aerosols at Barbados: Evidence for long-range transport. J. Geophys. Res. Atmos. 94,
5069–5080 (1989).

89. B. Mason, Principles of Geochemistry (Wiley, ed. 3, 1966).

90. R. Schlitzer, E. Masferrer Dodas, M. Adjou, R. F. Anderson, F. Andre, D. M. Cockwell,
C. Jeandel, W. Geibert, W. Landing, M. Lohan, M. T. Maldonado, A. Tagliabue, W. Abou-
chami, E. P. Achterberg, A. M. Agather, A. Aguilar-Islas, H. Amakawa, P. Andersson,
A. Annett, C. Archer, K. Arrigo, L. Artigue, M. Auro, O. Baars, I. Baconnais, A. Baker, K. Bakker,
W. Bam, H. W. Bange, K. Barbeau, C. Basak, M. Baskaran, N. R. Bates, D. Bauch, F. Baurand,
S. M. Becker, P. van Beek, M. Behrens, M. Belhadj, M. Belton, B. Bergquist, E. Black, S. Blain,
K. Bluhm, A. R. Bowie, K. L. Bowman, P. Boyd, M. Boye, E. A. Boyle, P. Branellec, L. Bridge-
stock, G. Brissebrat, B. K. A., T. J. Browning, K. W. Bruland, M. Brzezinski, K. N. Buck,
N. J. Buck, C. Buck, K. Buesseler, A. J. Bull, R. Bundy, E. Butler, P. H. Cai, D. Cardinal,
C. Carlson, N. Casacuberta Arola, K. Casciotti, M. Castrillejo, E. Chamizo Calvo, R. Chance,
M. A. Charette, B. L. A. Charlier, Z. Chase, J. E. Chavez, M. Cheize, M. Chen, H. Cheng,
F. Chever, V. Chinni, R. Chmiel, M. Christl, T. M. Church, I. Closset, A. Colman, M. Colombo,
M. Conte, T. M. Conway, M. Corkill, D. Cossa, S. E. Cravatte, K. C. Crocket, P. Croot, J. Cullen,
G. A. Cutter, H. J. de Baar, T. van de Flierdt, G. de Souza, J. S. De Vera, F. Dehairs, F. Deng,
P. van der Merwe, K. Djaoudi, A. Dufour, G. Dulaquais, Y. Echegoyen Sanz, L. Edwards,
C. Ehlert, M. Ellwood, S. Fan, R. A. Fine, J. N. Fitzsimmons, M. Q. Fleisher, M. S. Forbes,
R. Francois, M. Frank, J. Friedrich, F. Fripiat, H. Fröllje, J. Gagnon, S. J. G. Galer, M. Gallinari,
T. Gamo, Y. Gao, J. García Orellana, E. Garcia Solsona, M. Gault-Ringold, E. George, L. J. A.
Gerringa, M. Gilbert, J. M. Godoy, M. Le Goff, S. L. Goldstein, A. Gourain, J. Granger,
P. Grasse, M. Grenier, E. Grossteffan, C. Guieu, M. Gutjahr, R. Van Hale, C. R. Hammersch-
midt, J. Happell, C. Hassler, E. C. Hathorne, M. Hatta, N. J. Hawco, C. T. Hayes, L. Heim-
burger, M. I. Heller, P. B. Henderson, G. Henderson, T. Henry, S. van Heuven, C. Holmden,
T. M. Holmes, J. Hopkins, C. J. M. Hoppe, M. J. Hopwood, T. J. Horner, Y. Hsieh, K. Huang,
M. P. Humphreys, S. L. Jackson, D. J. Janssen, W. J. Jenkins, L. T. Jensen, S. John, J. L. Jones,
D. Kadko, R. Kayser, T. C. Kenna, J. Kenyon, R. Khondoker, D. Kieke, M. Kienast, T. Kim,
L. Kipp, J. K. Klar, M. Klunder, Y. Kondo, K. Kreissig, S. Kretschmer, S. Krisch, K. Krupp,
K. Kulinski, Y. Kumamoto, K. Kunde, P. Laan, F. Lacan, M. Lagarde, P. J. Lam, M. Lambelet,
C. Lamborg, D. Lannuzel, P. Latour, G. Laukert, E. C. Laurenceau-Cornec, F. A. C. le Moigne,
J. van Ooijen, E. Le Roy, E. van Weerlee, O. Lechtenfeld, J. Lee, N. Lehmann, N. Lemaitre,
P. Lherminier, X. Li, J. Li, B. T. Liguori Pires, S. H. Little, M. Lopez Lora, D. E. Lott, A. J. M.
Lough, Y. Lu, C. Mahaffey, K. Maiti, F. Marin, C. Marsay, P. Masqué, E. Mawji, M. R. McIlvin,
C. Measures, S. Mehic, S. Michael, R. Middag, A. Miere, A. Milne, H. Minami, J. Moffett,
W. Moore, B. Moran, P. Morton, A. Mucci, P. Mukherjee, J. Nishioka, R. L. Nixon, T. Noble,
M. G. Novak, S. H. Nunige, H. Obata, H. Ogawa, D. C. Ohnemus, K. Orians, S. Ossebaar,
J. E. O’Sullivan, K. Pahnke, M. Paul, F. J. Pavia, H. Perez-Tribouillier, M. M. G. Perron,
B. D. Peters, M. V. Petrova, V. Pham, P. Pinedo-Gonzalez, A. Piotrowski, Y. Plancherel,
F. Planchon, H. Planquette, A. Plante, S. Pohle, D. Porcelli, C. Pradoux, B. C. Proemse,
V. Puigcorbe, E. Pulido-Villena, P. Quay, P. Rafter, I. Rapp, L. Ratnarajah, S. Rauschenberg,
C. Rees, M. Rehkamper, R. Rember, T. Remenyi, J. A. Resing, S. Retelletti Brogi, M. J. A.
Rijkenberg, L. F. Robinson, M. Roca Marti, T. Roeske, S. Roig, J. Rolison, M. Rosenberg,
A. R. S. Ross, M. Roy-Barman, A. Ruacho, M. M. Rutgers van der Loeff, M. A. Saito, P. Salaun,
V. Sanial, A. Santoro, G. Sarthou, C. Schallenberg, U. Schauer, H. Scher, C. Schlosser,
N. Schuback, C. Schwanger, P. Scott, P. N. Sedwick, S. Selzer, K. Seyitmuhammedov,
R. Shelley, R. Sherrell, K. Sherrin, A. M. Shiller, M. Sieber, D. Sigman, S. K. Singh, N. D. Singh,
W. M. Smethie, A. J. R. Smith, Y. Sohrin, B. M. Sohst, J. E. Sonke, M. Souhaut, S. Speich,
R. Steinfeldt, T. Stichel, I. Stimac, C. Stirling, B. Summers, G. J. Swarr, J. H. Swift, V. Tail-
landier, M. Thomas, S. Tibben, R. Till, A. T. Townsend, P. Tréguer, J. Tremblay, T. Trull,
R. Tuerena, B. Twining, O. Valk, D. Vance, C. Venchiarutti, L. H. Vieira, M. Villa Alfageme,
S. M. Vivancos, A. H. L. Voelker, T. Wagener, E. Wallner Halewood, R. Wang, F. Wang,

R. Wang, M. J. Warner, R. J. Watson, T. Weber, A. Wefing, R. Weisend, D. Weiss, L. M. Whit-
more, K. Wong, E. M. S. Woodward, Y. Wu, J. Wu, K. Wuttig, N. J. Wyatt, Y. Xiang, R. C. Xie,
S. Yu, P. Zhang, J. Zhang, L. Zheng, X. Zheng, C. M. Zurbrick, The GEOTRACES Intermediate
Data Product 2021 (GEOTRACES, 2021).

91. R. Atkinson, D. L. Baulch, R. A. Cox, J. N. Crowley, R. F. Hampson, R. G. Hynes, M. E. Jenkin,
M. J. Rossi, J. Troe, Evaluated kinetic and photochemical data for atmospheric chemistry:
Volume I—Gas phase reactions of Ox, HOx, NOx and SOx species. Atmos. Chem. Phys. 4,
1461–1738 (2004).

92. R. M. Harrison, A.-M. N. Kitto, Evidence for a surface source of atmospheric nitrous acid.
Atmos. Environ. 28, 1089–1094 (1994).

93. R. M. Harrison, J. D. Peak, G. M. Collins, Tropospheric cycle of nitrous acid. J. Geophys. Res.
Atmos. 101, 14429–14439 (1996).

94. I. Trebs, L. L. Lara, L. M. M. Zeri, L. V. Gatti, P. Artaxo, R. Dlugi, J. Slanina, M. O. Andreae,
F. X. Meixner, Dry and wet deposition of inorganic nitrogen compounds to a tropical
pasture site (Rondônia, Brazil). Atmos. Chem. Phys. 6, 447–469 (2006).

95. J. Stutz, B. Alicke, A. Neftel, Nitrous acid formation in the urban atmosphere: Gradient
measurements of NO2 and HONO over grass in Milan, Italy. J. Geophys. Res. Atmos. 107,
LOP 5-1–LOP 5-15 (2002).

96. J. W. Deardorff, Convective velocity and temperature scales for the unstable planetary
boundary layer and for Rayleigh convection. J. Atmos. Sci. 27, 1211–1213 (1970).

97. J. Kleffmann, Daytime sources of nitrous acid (HONO) in the atmospheric boundary layer.
ChemPhysChem 8, 1137–1144 (2007).

98. V. Michoud, A. Colomb, A. Borbon, K. Miet, M. Beekmann, M. Camredon, B. Aumont,
S. Perrier, P. Zapf, G. Siour, W. Ait-Helal, C. Afif, A. Kukui, M. Furger, J. C. Dupont,
M. Haeffelin, J. F. Doussin, Study of the unknown HONO daytime source at a European
suburban site during the MEGAPOLI summer and winter field campaigns. Atmos. Chem.
Phys. 14, 2805–2822 (2014).

99. F. Spataro, A. Ianniello, Sources of atmospheric nitrous acid: State of the science, current
research needs, and future prospects. J. Air Waste Manage. Assoc. 64, 1232–1250 (2014).

100. M. Li, H. Su, G. Li, N. Ma, U. Pöschl, Y. Cheng, Relative importance of gas uptake on aerosol
and ground surfaces characterized by equivalent uptake coefficients. Atmos. Chem. Phys.
19, 10981–11011 (2019).

Acknowledgments:We would like to thank S. Swift (University of York) for assistance with the
ion chromatography measurements, E. Matthews (University of Manchester) for help with
running HYSPLIT back trajectories for the aircraft measurements, S. Cliff (University of York) for
running the gas-phase biomass burning flag, L. Kramer (Ricardo AEA) for assistance with the
Cape Verde HONO measurements and data analysis, and the remaining ARNA team. Airborne
data were obtained using the BAe-146-301 Atmospheric Research Aircraft (ARA) flown by
Airtask Ltd. and managed by the FAAM Airborne Laboratory, jointly operated by UKRI and the
University of Leeds. We thank the staff from Airtask for the campaign organization, flight
planning, and resolving any safety issues: B. Black, F. Brennan, S. James, M. Robinson, and
D. Simpson. We thank the NASA Global Modeling and Assimilation Office (GMAO) for
forecasting support during ARNA. Funding: This work was supported by National
Environmental Research Council (NERC) grant NE/S000518/1 to L.J.C., W.J.B., and J.D.L. The Cape
Verde Atmospheric Observatory is funded through the National Centre for Atmospheric
Science (NCAS) to L.J.C. S.T.A.’s PhD was supported by the SPHERES Natural Environment
Research Council (NERC) Doctoral Training Partnership (DTP) under grant NE/L002574/1. L.J.C.
acknowledges funding from the European Research Council (ERC) under the European Union’s
Horizon 2020 programme (project O3-SML; grant agreement no. 833290). Author
contributions: Conceptualization: L.J.C. Methodology: All authors. Investigation: All authors.
Visualization: S.T.A. Funding acquisition: L.J.C., J.D.L., and W.J.B. Project administration: L.J.C.,
J.D.L., T.S., and W.J.B. Supervision: L.J.C., J.D.L., and W.J.B. Writing (original draft): L.J.C. and S.T.A.
Writing (review and editing): All authors. Competing interests: The authors declare that they
have no competing interests. Data and materials availability: CVAO NOx—Norwegian
Institute for Air Research (NILU) EBAS database (https://ebas-data.nilu.no/DataSets.aspx?
nations=CV238CPV&projects=ACTRIS&InstrumentTypes=chemiluminescence_
photolytic&fromDate=1970-01-01&toDate=2022-12-31). Aircraft measurements—CEDA
Archive (https://catalogue.ceda.ac.uk/uuid/1a7f76b65e774cf6abb09cdee642dd73). GEOS-
Chem code—The GEOS-Chemmodel (v12.9.0, DOI: 10.5281/zenodo.3950327). All data needed
to evaluate the conclusions in the paper are present in the paper and/or the Supplementary
Materials.

Submitted 23 June 2022
Accepted 19 December 2022
Published 18 January 2023
10.1126/sciadv.add6266

Andersen et al., Sci. Adv. 9, eadd6266 (2023) 18 January 2023 9 of 9

SC I ENCE ADVANCES | R E S EARCH ART I C L E
D

ow
nloaded from

 https://w
w

w
.science.org at U

niversity of B
irm

ingham
 on A

ugust 01, 2023

https://ebas-data.nilu.no/DataSets.aspx?nations=CV238CPV&projects=ACTRIS&InstrumentTypes=chemiluminescence_photolytic&fromDate=1970-01-01&toDate=2022-12-31
https://ebas-data.nilu.no/DataSets.aspx?nations=CV238CPV&projects=ACTRIS&InstrumentTypes=chemiluminescence_photolytic&fromDate=1970-01-01&toDate=2022-12-31
https://ebas-data.nilu.no/DataSets.aspx?nations=CV238CPV&projects=ACTRIS&InstrumentTypes=chemiluminescence_photolytic&fromDate=1970-01-01&toDate=2022-12-31
https://catalogue.ceda.ac.uk/uuid/1a7f76b65e774cf6abb09cdee642dd73
http://dx.doi.org/10.5281/zenodo.3950327


Use of this article is subject to the Terms of service

Science Advances (ISSN ) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.
Copyright © 2023 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

Extensive field evidence for the release of HONO from the photolysis of nitrate
aerosols
Simone T. Andersen, Lucy J. Carpenter, Chris Reed, James D. Lee, Rosie Chance, Toms Sherwen, Adam R. Vaughan,
Jordan Stewart, Pete M. Edwards, William J. Bloss, Roberto Sommariva, Leigh R. Crilley, Graeme J. Nott, Luis Neves,
Katie Read, Dwayne E. Heard, Paul W. Seakins, Lisa K. Whalley, Graham A. Boustead, Lauren T. Fleming, Daniel
Stone, and Khanneh Wadinga Fomba

Sci. Adv., 9 (3), eadd6266. 
DOI: 10.1126/sciadv.add6266

View the article online
https://www.science.org/doi/10.1126/sciadv.add6266
Permissions
https://www.science.org/help/reprints-and-permissions

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of B

irm
ingham

 on A
ugust 01, 2023

https://www.science.org/content/page/terms-service

	INTRODUCTION
	RESULTS
	DISCUSSION
	MATERIALS AND METHODS
	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments

