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[1] This study uses a global chemical transport model to estimate the distribution of
isocyanic acid (HNCO). HNCO is toxic, and concentrations exceeding 1 ppbv have been
suggested to have negative health effects. Based on fire studies, HNCO emissions were
scaled to those of hydrogen cyanide (30%), resulting in yearly total emissions of 1.5 Tg for
2008, from both anthropogenic and biomass burning sources. Loss processes included
heterogeneous uptake (pH dependent), dry deposition (like formic acid), and reaction with
the OH radical (k =1 x 10~!5 molecule~! cm? s~!). Annual mean surface HNCO
concentrations were highest over parts of China (maximum of 470 pptv), but episodic fire
emissions gave much higher levels, exceeding 4 ppbv in tropical Africa and the Amazon,

and exceeding 10 ppbv in Southeast Asia and Siberia. This suggests that large biomass
burning events could result in deleterious health effects for populations in these regions.
For the tropospheric budget, using the model-calculated pH the HNCO lifetime was

37 days, with the split between dry deposition and heterogeneous loss being 95%:5%.
Fixing the heterogeneous loss rate at pH = 7 meant that this process dominated, accounting
for ~70% of the total loss, giving a lifetime of 6 days, and resulting in upper tropospheric
concentrations that were essentially zero. However, changing the pH does not notably
impact the high concentrations found in biomass burning regions. More observational data
is needed to evaluate the model, as well as a better representation of the likely
underestimated biofuel emissions, which could mean more populations exposed to elevated

HNCO concentrations.
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1. Introduction

[2] Isocyanic acid (HNCO) is a volatile, moderately acidic
compound, and the simplest member of the isocyanate
family. HNCO is toxic, and in vivo carbamylation reactions
of proteins with its aqueous anion (cyanate, NCO") have
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been implicated as the cause of several negative health
effects [Wang et al., 2007]. Based on the physical proper-
ties of HNCO, Roberts et al. [2011] estimated that atmo-
spheric HNCO concentrations exceeding 1 ppbv could lead
to protein-damaging chemistry. The goal of this study is to
use the chemistry transport model MOZART-4 (Model for
Ozone and Related chemical Tracers-4) [Emmons et al.,
2010] to estimate the first global distribution of HNCO and
identify areas, and their environmental conditions, where
elevated HNCO concentrations might exist.

[3] Controlled laboratory studies have shown that HNCO
is a component of biomass burning emissions [Veres ef al.,
2010], with an emissions profile closely correlated with that
of hydrogen cyanide (HCN), as both are formed from protein
pyrolysis. HNCO is also emitted from low-temperature
combustion of coal [Nelson et al., 1996], and is a product
from the photochemistry of some amine and amide com-
pounds [Schade and Crutzen, 1995; Barnes et al., 2010]. In
addition, HNCO is present in exhaust of diesel vehicles using
urea-selective catalytic reduction (SCR) technology, at least
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in model systems [Krdcher et al., 2005; Heeb et al., 2011]. It
is important to understand this source better since the number
of SCR vehicles is expected to grow in the European Union
and USA, following regulations aimed at reducing NOy
emissions [Heeb et al., 2011]. Furthermore, the biomass
burning source of HNCO would also likely change in the
future, concomitant with any changes in the occurrence of
fires [e.g., Bowman et al., 2009].

[4] Measurements of HNCO at atmospheric levels have
only recently been made possible by the advent of a new
mass spectrometry technique [Veres et al., 2008; Roberts
et al., 2010]. Using this method, HNCO was identified at
levels of up to 200 pptv in ambient air during the 2010
Fourmile Canyon fire in Boulder, Colorado, and up to
100 pptv in urban Los Angeles, California [Roberts et al.,
2011], with the temporal profile of the latter measurements
suggesting a partial photochemical source. The same study
suggested “background” concentrations of around 10 pptv in
ambient air during the summer season.

[5] In the troposphere, the major loss process for HNCO is
likely to be through dry deposition and heterogeneous
uptake to liquid water and aerosols, with subsequent aque-
ous-phase reactions making this an irreversible process
[Roberts et al., 2011]. Due to the acidic nature of HNCO
(pK, = 3.7, the same as formic acid; mildly acidic) [Belson
and Strachan, 1982], its gas-water partitioning is highly
pH dependent, with the effective Henry’s Law coefficient
increasing from 25 M atm™" at pH = 3 to 42000 M atm ™" at
pH =7 (using data from Roberts et al. [2011]). Thus, one of
the challenges of understanding any global distribution and
budget of HNCO is modeling pH correctly.

[6] Chemical reaction data for HNCO relevant to atmo-
spheric conditions are somewhat limited. Extrapolating the
combustion kinetic data of Tsang [1992] to atmospheric
temperatures suggests a rate coefficient for the reaction of
HNCO with OH on the order of 10! ¢cm?® molecule ' s !,
resulting in a lifetime of over 30 years with this reaction for
an OH concentration of 10° molecules cm . In terms of
photolysis, there are limited spectroscopic data [Dixon and
Kirby, 1968; Brown et al., 1996; Brownsword et al., 1996;
Berghout et al., 1998], with very little information in the
actinic region. Extrapolation of the Dixon and Kirby [1968]
data to the actinic region suggests that HNCO is likely very
stable to photochemical loss in the troposphere and lower
stratosphere (lifetime of months to years). Overall, uncer-
tainty in the contribution of this process to the HNCO bud-
get will only be reduced by measuring cross sections at
tropospherically relevant wavelengths.

[7] The goal of this study is to use a chemical transport
model to provide constraints on the processes that are the
most important in determining HNCO concentrations. Due
to the current paucity of information concerning HNCO, it is
not expected that a model will give highly accurate HNCO
concentrations; rather, this study is aimed at identifying
particular sets of circumstances (e.g., emissions, environ-
mental pH) that result in elevated HNCO levels, which could
be of concern and worthy of further investigation. In addi-
tion, the study examines the geographical patterns of high
HNCO concentrations.

[8] This paper is organized as follows. Section 2 details
the modifications to the standard MOZART-4 model in
order to accommodate HNCO, including emissions,

YOUNG ET AL.: ISOCYANIC ACID IN A GLOBAL MODEL

D10308

chemistry, and heterogeneous and depositional loss. The
different MOZART-4 simulations conducted are described
in Section 3. The tropospheric budget and distribution of
HNCO are presented in Section 4, including a comparison
against the limited observational data. Section 5 presents an
analysis of where and when HNCO concentrations exceed
1 ppbv. A discussion of the results follows in Section 6, and
a summary and concluding remarks in Section 7.

2. MOZART-4, the Inclusion of HNCO, and
Modeled pH

[9] The base MOZART-4 model applied for this study
was the same as that described by Emmons et al. [2010],
except configured for participation in the Arctic Research of
the Composition of the Troposphere from Aircraft and
Satellites (ARCTAS) experiment, as described by Wespes
et al. [2012]. This configuration includes the addition
of hydrogen cyanide (HCN) [Randel et al., 2010], the use
of meteorological fields from GEOS-5 (Goddard Earth
Observing System Data Assimilation System Version 5)
assimilation products (http://gmao.gsfc.nasa.gov/products),
and the ARCTAS emissions data set as compiled by D. G.
Streets and Q. Zhang at Argonne National Laboratory
(see http://www.cgrer.uiowa.edu/arctas/emission.html) [Zhang
et al., 2009]. The simulation year was 2008.

2.1. HNCO Emissions

[10] Biomass burning emissions of HNCO were deter-
mined by simply scaling the HCN emissions by a factor of
0.3, which is the lower end of the range of HNCO/HCN
ratios obtained from measuring biomass burning emissions
of many fuels (0.3-0.5) [Burling et al., 2010; Roberts et al.,
2011]. Daily varying biomass burning emissions of HCN
were calculated using the FINN (Fire Inventory from
NCAR) model, version 1.0 [Wiedinmyer et al, 2011],
appropriate for the year 2008. Biomass burning emissions
were emitted directly at the surface, ignoring any vertical
redistribution due to pyro-convective lifting [e.g., Fromm
et al., 2005], which could be important as HNCO is
chiefly emitted during the flaming stage [Veres et al., 2010].
Pfister et al. [2005] reported that using vertical redistribution
versus surface emissions of CO in MOZART did not sig-
nificantly alter their results, although a large proportion of
CO comes from the smoldering stage of fires [e.g., Crutzen
and Andreae, 1990].

[11] Anthropogenic HNCO emissions were determined by
scaling HCN emissions, also by a factor of 0.3. In turn, the
HCN emissions were derived by scaling the anthropogenic
component of CO emissions by a factor of 0.003. This latter
scaling was derived from a HCN/CO ratio of 0.006 followed
by an additional scaling by 0.5 to account for the fact that
not all anthropogenic CO emissions are necessarily co-
emitted with HCN (or HNCO). Furthermore, the resulting
HNCO/CO ratio of 0.9 mmol / mol is within the range
reported for flaming stage fires by Veres et al. [2010] (0.25—
1.2 mmol/mol), which is relevant as the chief anthropogenic
source of HNCO (and HCN) is likely biofuel combustion.
However, as stated in the introduction, observations reported
by Roberts et al. [2011] do suggest an additional secondary
photochemical source of HNCO, not directly accounted for
in this study.
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Figure 1. Emissions of HNCO in Gg HNCO per grid cell
per year. The emissions are shown for (a) the biomass
burning component, (b) the anthropogenic component, and
(c) the total of Figures la and 1b. The anthropogenic emis-
sions in Figure 1b are doubled for the 2x Anthro simulation.
Note the nonlinear color scale.

[12] Figure 1 shows the distribution of the HNCO emis-
sions, which total 1490 Gg a~' with a near even split between
biomass burning (44%) and anthropogenic (56%) sources.
Overall, while the “parent” HCN emissions result in a good
comparison with satellite and ground-based HCN observa-
tions (D. Kinnison, personal communication, 2011), it is
clear that the HNCO emissions are a large source of uncer-
tainty in this study. However, by using the lower bound of the
HNCO/HCN ratio, these emissions err on the conservative
side.

2.2. HNCO Loss Processes

[13] Reaction of HNCO with OH was included with a rate
coefficient of 107"° ¢cm® molecule™' s™! [Tsang, 1992],
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excluding any temperature dependence. As suggested in the
introduction, HNCO photolysis was omitted due to both the
absence of cross-section measurements and the likely high
stability of the molecule at tropospherically relevant wave-
lengths. This will likely mean that calculated HNCO con-
centrations are overestimated in and above the upper
troposphere.

[14] Dry deposition of HNCO was included using the
same velocities as for formaldehyde (also used as a surrogate
species for formic and acetic acids). For a mixed layer depth
of 1 km, this results in an annual average HNCO lifetime
against dry deposition of 1-3 days over the ocean and 1—
2 weeks over vegetation. For the ocean, this lifetime is of the
same order as that for nitric acid, which would seem justi-
fiable considering that the ocean is slightly alkaline, result-
ing in an HNCO solubility close to that of nitric acid
(~10° M atm ™).

[15] The loss of HNCO through heterogeneous uptake was
included as a function of pH and liquid water content. Gas-
liquid partitioning was calculated with an effective Henry’s
Coefficient H, expressed as

Heyy = H*(1 + K, /[H"]) )
where H* is the intrinsic Henry’s Coefficient (21 M atm™')
and K, is the equilibrium constant for dissociation
(2 x 10~* M; from pK, = 3.7), using data from Roberts et al.
[2011]. The effect of acidity ([H']) is discussed below.
Partitioning between the gas and aqueous phases is calcu-
lated using the equilibrium fractionation f (the dimensionless
ratio of the aqueous to gas concentrations), expressed as

f=HyRTL )

where R is the gas constant (atm K ' mol ™), T is temper-
ature, and L is cloud liquid water content as a volume frac-
tion (L water (L air)~ ") [Jacob, 2000]. In the model, aqueous
loss of HNCO occurs only when L is greater than or equal to
10 ppbv, and then the loss is assumed to be irreversible.
There is no consideration of aqueous-phase reactions of
HNCO [Roberts et al., 2011], so this results in an upper limit
to the loss rate for this process (i.e., there is no HNCO
coming back out of solution in the model).

[16] MOZART-4 calculates pH by solving an electro-
neutrality equation,

[H*] 4 [NH{] = [OH] 4 [HCO3 ] + [NO3] + [HSO53]
+ [S037] + [0 7], 3)

using a bisection method to converge on a value of [H'].
This method only considers dissolved carbon dioxide (CO,),
sulfur dioxide (SO,), nitric acid (HNO;) and ammonia
(NH,3), along with water, as the determinants of cloud water
pH, omitting the alkaline influence of soil dust (via Ca®")
[e.g., Rodhe et al., 2002] and acidic influence of dissolved
organic acids, such as formic and acetic acid [e.g., Keene
and Galloway, 1988].

[17] Figure 2 shows the global distribution of the annual
mean, cloud liquid water-weighted pH (“LWC-pH”), from
MOZART-4. This was determined as tropospheric column
averages of the model-calculated pH, weighting the pH
value at a given pressure level by the mass of cloud liquid
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Figure 2. Annual mean, cloud liquid water content-weighted pH values from the pH_calc simulation
(see Table 1). Weighted pHs calculated for the tropospheric column (where ozone <150 ppbv).

water, delimiting the troposphere using the 150 ppbv ozone
contour [Stevenson et al., 2006] (as in Section 4.1).
Although not exactly the pH of precipitation (which is not
calculated by MOZART-4), the LWC-pH calculation does
provide data to compare with the global precipitation pH
model study of Rodhe et al. [2002]. The area-weighted,
global mean pH value is 4.6.

[18] In general, the geographical variation of LWC-pH
correlates with that reported by Rodhe et al. [2002], with low
pH (high acidity; pH = 3—4) apparent over the eastern USA,
Europe, and east Asia. As in their study, the low pH in these
regions is likely due to the acidifying impact of large
anthropogenic sulfate emissions. Figure 2 shows that higher
pH (less acidity; pH >5.5) dominates most of Africa, the
Middle East, parts of South America, and the Antarctic, also
in agreement with Rodhe et al. [2002]. However, in general
the LWC-weighted pH is more acidic than Rodhe et al.
[2002], and their results were already more acidic than the
(limited) observations suggest. For MOZART-4, the lack of
an alkaline influence of (e.g.) soil dust means that the model-
calculated pH is likely too acidic.

3. Simulations

[19] Table 1 shows the names of the simulations together
with a brief description. The role of acidity is the main
sensitivity explored in these simulations, due both to the
near exponential nature of the increase of heterogeneous loss
rate with increasing pH, and the difficulty of simulating pH
values in a global model. Hence, in addition to the control
simulation where pH was calculated online (the pH_calc
simulation), six further model simulations were completed,
where the heterogeneous loss rate of HNCO was fixed at pH
values increasing in integers from pH2 (low Henry’s Law
coefficient) to pH7 (high Henry’s Law coefficient) at all
locations. Globally, most cloud water pHs are in the range
3-6, although a pH range of 2—7 encompasses the broad
spectrum of observed acidity [Li and Aneja, 1992, and
references therein].

[20] A further simulation was conducted where the
anthropogenic component of HNCO emissions was doubled
(to be 1656 Gg a~'; see Figure 1), as the standard emissions
may be underestimated for regions where biofuels are
widely used. (Conversely, the emissions may be over-
estimated where the chief source is from fossil fuel burning,
such as the eastern USA.)

[21] Each simulation was run for two years, with only the
second year analyzed.

4. The Tropospheric Budget of HNCO and Its
Global Distribution

[22] This section presents the distribution of modeled
HNCO surface and zonal mean concentrations, as well as its
tropospheric budget. The main goal is to compare the “pH”
simulations and assess the sensitivity of individual budget
terms and HNCO abundances to pH. Section 4.2 also shows
a limited observation-model comparison.

4.1. Tropospheric Budget

[23] Figure 3 summarizes the yearly, global tropospheric
budget terms for HNCO for the pH2-pH7 and pH_calc simu-
lations, showing the average burden for the year (Figure 3a),
the monthly mean loss fluxes via wet (heterogeneous loss)

Table 1. List of Model Simulations and a Brief Description

Simulation Description

pH_calc Control simulation. H,;for HNCO
determined from model-calculated pH.

pH2 Hyfor HNCO calculated as if the pH is
2 everywhere.

pH3 As pH2, but H, calculated for pH3.

pH4 As pH2, but H, calculated for pH4.

pHS As pH2, but H, calculated for pHS.

pH6 As pH2, but H, calculated for pH6.

pH7 As pH2, but H, calculated for pH7.

2 x Anthro As pH_calc, but with doubled

anthropogenic HNCO emissions.
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Figure 3. Tropospheric budget statistics for HNCO for the
pH2-pH7 and pH_calc simulations, showing (a) the average
tropospheric burden (Gg HNCO), (b) the monthly mean loss
fluxes via wet (heterogeneous; light) and dry (black) deposi-
tion (Gg HNCO per month; each month weighted evenly),
and (c) the tropospheric HNCO lifetime (days).

and dry deposition (Figure 3b), and the lifetime, calculated
from the average burden divided by the annual total loss
(i.e., a “turnover flux) (Figure 3c). All terms were calcu-
lated using monthly means, and with the troposphere
defined where the ozone concentration was less than or equal
to 150 ppbv (as per Stevenson et al. [2006]). Gas-phase loss
of HNCO was very small in all the simulations (ranging from
0.07% to 0.4% of the total loss) and is therefore not indicated
in Figure 3b, although it was included in the calculation of
the lifetime. Note that the loss rates in Figure 3b are close to
the emission rate, indicating that HNCO is in approximate
steady state.
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[24] Figure 3 indicates the importance of pH in determin-
ing the losses and lifetime of HNCO. Figure 3b shows that
the pH2, pH3, pH4 and pH_calc simulations have similarly
low values of heterogeneous HNCO loss, ranging from 0.6%
(pH2) to 4.5% (pH_ calc) of the total loss, resulting in similar
HNCO lifetimes and burdens for these simulations. The low
H, 4 values for these low pHs result in a tropospheric HNCO
lifetime of over a month, with the loss dominated by (rela-
tively slow) dry deposition. The budget statistics for the
pH_calc simulation are between those for the pH4 and pHS5
simulations, consistent with the global average pH value of
4.6 (Section 2.2).

[25] Moving from the pH5 to pH6 to pH7 simulations, the
fraction of the total loss via heterogeneous processes
increases markedly, from 11.2% to 45.4% to 69.5%,
respectively. The large jumps in the fraction result from the
order of magnitude increases in H,;between each successive
pH, as compared to the far smaller H,; changes between the
low pH simulations. The increase in the importance of the
faster heterogeneous loss is reflected in the concomitant
decrease in the burden and lifetime of HNCO for these
simulations, culminating in a tropospheric burden and life-
time for the pH7 simulation that are a factor of ~6 less than
for the pH2 simulation.

[26] Budget statistics for the 2 x Anthro simulation are not
shown in Figure 3, but they generally scale linearly from the
pH_calc simulation. Compared to pH_calc, the 55% increase
in HNCO emissions in 2xAnthro results in a 53% increase
in the HNCO burden, and a 55% increase in the total loss
rate, altogether resulting in a very similar tropospheric life-
time (1.7% shorter with 2 x Anthro). The fraction of the total
loss accounted for by heterogeneous processes is 4.4%, also
very similar to pH_calc.

4.2. Global Distribution

[27] Figure 4 shows the annual mean surface (lowest
model level) HNCO concentration for the pH_calc simula-
tion, together with the differences between the pH_calc
(Figure 4a) and 2 x Anthro (Figure 4b), pH6 (Figure 4c), and
pH7 (Figure 4d) simulations. Figure 5 is the same as
Figure 4, except for the yearly averaged zonal mean con-
centration. As suggested in the previous section, these
simulations show the greatest differences from each other;
the pH2-pHS simulations are quite similar to pH_calc and
therefore are not shown here. The impacts of doubling
anthropogenic emissions and environmental pH are dis-
cussed in Sections 4.2.1 and 4.2.2 respectively.

[28] Figure 4a shows that annual mean HNCO con-
centrations in excess of 100 pptv are present in the high
anthropogenic emitting regions of northern India (the Indo-
Gangetic Plain), Southeast (SE) Asia, China, and eastern
USA (see Figure 1b). Similarly high annual mean HNCO
concentrations are also present in regions influenced by
large biomass burning emissions (see Figure 1), including
tropical Africa, Siberia, and the Amazon. Biomass burning
emissions are also important for SE Asia, where they are
combined with large anthropogenic emissions.

[20] China contains the highest annual mean surface
HNCO concentrations at 470 pptv. This mostly reflects the
sustained high anthropogenic emissions (which have no
seasonal cycle in the model), and other regions are seen to
have higher HNCO concentrations for any given day, or
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Figure 4. (a) Annual mean surface (lowest model level)
HNCO concentrations for the pH calc simulation. Also
shown are the differences in annual mean surface HNCO
concentration between pH_calc and (b) the 2 x Anthro simu-
lation, (c) the pH6 simulation, and (d) the pH7 simulation.
Concentrations and differences are expressed in pptv; note
the nonlinear color scale.
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Figure 6. Comparison of simulated (pH_calc) surface HNCO concentrations, averaged for Colorado,
against HNCO observations made at the Boulder Atmospheric Observatory (BAO) Tower. BAO Tower
observations were made in February and March 2011 (upper time axis), whereas the model data are appro-
priate for 2008 (lower time axis; note leap year). The blue dashed lines indicate & 1o spatial variability for
the model region. The shaded gray area indicates the =10 temporal variability for observations, as calcu-

lated from the 1 min data.

even in the monthly mean. This is discussed further in
Section 5. Overall, Figure 4a suggests that “background”
surface concentrations of HNCO are 0-20 pptv over the
oceans and remote Southern Hemisphere (SH), and a few
tens of pptv over landmasses.

[30] Figure 5a shows that the annual mean concentrations
of HNCO decrease with altitude in the Northern Hemisphere
(NH), although the vertical gradient is small and midlatitude
mean (20°N—60°N) concentrations in the range 30-35 pptv
persist from 800 hPa to 250 hPa. This appears to arise from
appreciable vertical transport of surface emissions, coupled
with a shift in the relative importance of the loss mechan-
isms. Above ~400 hPa, the dominance of heterogeneous
loss drops off rapidly (with drier conditions), and the slower
chemical loss becomes the most important HNCO sink. It is
likely that photolytic loss of HNCO would also be growing
in importance with altitude, although, as stated in the intro-
duction, assessing its importance depends on determining its
absorption cross section.

[31] In contrast to the NH, there is a reverse in the vertical
gradient of HNCO concentration in the SH. Examination of
vertical HNCO concentration profiles for different latitude
bands (not shown) suggests that the middle and upper tro-
pospheric annual mean enhancements are mainly from con-
vection over regions with strong biomass burning (Africa
and South America), followed by horizontal transport aloft
to regions without notable HNCO emissions. There may also
be a contribution from upper tropospheric, interhemispheric
transport through the eastern Pacific [e.g., Staudt et al.,
2001], although the horizontal distribution of HNCO con-
centrations around 300 hPa suggests that this is small. In
general, HNCO is relatively evenly distributed in longitude
in the middle and upper troposphere, as the surface differ-
ences are smeared out by the strong westerlies.

[32] Figure 5a also shows that HNCO concentrations of
10-20 pptv persist in the tropical upper troposphere, and
concentrations of ~10 pptv remain in the lower stratosphere
(70 hPa). As stated above, photolysis might be expected to
account for an increasing fraction of the loss here and the
model results should be interpreted with caution. Heteroge-
neous loss of HNCO in the tropics is reduced around
700 hPa, and above 400 hPa due to reductions in cloud water
content.

[33] Figure 6 compares the modeled (pH calc) surface
HNCO concentrations, averaged for Colorado, against
HNCO observations made during 2011 at the Boulder
Atmospheric Observatory (BAO) Tower, in Erie, Colorado,
USA (40°N, 105°W). The modeled and observed con-
centrations are daily means, the latter calculated from 1 min
data, with biomass burning plume data filtered out. There are
several caveats when comparing the model against these
observations (such as both representing different years, dif-
ferent emissions), which is why large-scale averages are
used for the model data, in order to include different emis-
sion contributions. A comparison of the temporal means and
the 1o variability (as computed from the data in Figure 6),
suggests that the modeled HNCO concentrations are not
unreasonable. The observed mean HNCO is 66 + 20 pptv,
compared to 49 £ 13 pptv for the model, although the model
results are sensitive to the period chosen due to episodic
emissions.

4.2.1. Impact of Doubling Anthropogenic HNCO
Emissions

[34] Figures 4b and 5b show the impact of doubling the
anthropogenic emissions on the HNCO concentration.
Figure 4b looks much as expected, with increased annual
mean surface HNCO concentrations over the regions with
large anthropogenic emissions compared to the pH_ calc
simulation. This is especially the case for the Indo-Gangetic
Plain and China, where grid cell increases are over 100 and
200 pptv, respectively. For China, this means that the annual
mean surface HNCO concentration is >900 pptv. In relative
terms, annual mean surface HNCO increases by more than
80% over the industrialized regions of Europe, parts of the
Middle East, India, East Asia, and the eastern USA, but by
less than 40% over tropical Africa and the Amazon, where
biomass burning emissions dominate.

[35] Moving up in the troposphere, the differences
between pH_calc and 2xAnthro are more uniform in lon-
gitude, with zonal mean differences dropping to <50 pptv
above 700 hPa. Relative differences are reasonably constant,
amounting to increases of 40 to 60% compared to pH_calc.
4.2.2. Sensitivity of HNCO Distribution to pH

[36] Figures 4c and 4d respectively show how increasing
the pH to pH = 6 or 7 impacts the annual mean surface
HNCO concentration. The largest absolute impacts of
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increasing the pH are found over China, although the peak
annual mean concentration is still 450 pptv for the pH6
simulation and 425 pptv for the pH7 simulation. The largest
relative impacts are over the remote oceanic regions, where
less HNCO gets exported from the continental sources due
to the faster loss rate at the higher pHs. For the pH7 simu-
lation, the increased loss is strong enough that the surface
HNCO concentration in the remote ocean, and remote high
latitudes is essentially zero. However, close to emission
sources, increasing pH does not notably impact the surface
concentration and distribution of HNCO.

[37] The same lack of pH sensitivity is not true of the
vertical distribution of HNCO. Figures 5c and 5d show the
impact of increasing the pH on the zonal mean concentration
of HNCO. For the NH midlatitudes, annual zonal mean
HNCO concentrations above 500 hPa are in the 10-20 pptv
range for pH6, and in the 5-10 pptv range for pH7, repre-
senting decreases of 20—50 pptv relative to pH_calc mean.
For the pH6 simulation, export of HNCO to the remote SH
upper troposphere is drastically reduced, with 40-70%
decreases in HNCO concentrations between 500 and
250 hPa. For the pH7 simulation, the concentration of
HNCO is extremely low in most locations (>70% decreases
relative to pH_calc), with only the NH midlatitudes main-
taining annual mean HNCO concentrations in excess of
5 pptv, although this is only below 300 hPa. As discussed in
Section 2.1, distributing the biomass burning emissions
vertically might also impact the vertical distribution of
HNCO, potentially increasing HNCO concentrations aloft
and extending the tropospheric lifetime.

[38] Unlike for the pH calc simulation, heterogeneous
loss remains the dominant loss term for HNCO to above
300 hPa with the pH6 and pH7 simulations, accounting
for >85% or >95% of the total loss respectively. This dom-
inance is unaffected by local minima in specific humidity,
such as at ~800-700 hPa in the tropics, which serve to
reduce the fraction of the total loss accounted for by het-
erogeneous processes in the pH_calc and other lower pH
simulations.

[39] In summary, for the relatively high cloud liquid water
pHs, the pH is very important for determining the HNCO
lifetime (and hence concentration and distribution) in the
middle and upper troposphere, but it is less important for
determining HNCO surface concentrations, which are more
affected by the distribution of emissions. Comparing pHs in
the range 3-5, the impacts on HNCO concentrations are
generally small at the surface and aloft. However, these
results come with the caveat that aqueous-phase loss is
assumed to be irreversible, and at higher pHs HNCO would
be expected to return to the gas phase.

5. Surface HNCO Concentrations Exceeding
1 ppbv

[40] Roberts et al. [2011] calculated that, based on a
physiological pH of 7.4, exposure to atmospheric HNCO
concentrations exceeding 1 ppbv could lead to sufficient in
vivo concentrations of the cyanate anion (NCO") to mimic
the protein carbamylation chemistry seen with in vitro
studies [Wang et al., 2007]. Based on this calculation, the
modeled daily mean concentrations were analyzed to iden-
tify both how often and where surface HNCO concentrations
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are greater than, or equal to, 1 ppbv. In this section, con-
centrations of HNCO at or above this level are referred to as
“elevated.”

5.1. Which Regions Are the Most Impacted?

[41] Figures 7a—7c show the number of days in a yearlong
simulation where the daily mean surface HNCO concentra-
tion of a particular model grid cell is elevated, for the
pH_calc, 2xAnthro and pH7 simulations respectively. The
gray boxes in Figure 7c highlight particular regions, which
are defined in Table 2, and discussed further in the analysis
below.

[42] Comparing Figure 7 with the distribution of HNCO
emissions in Figure 1, it can be seen that the locations with
elevated HNCO concentrations are largely those with nota-
ble biomass burning emissions (peak emissions >5 Gg
HNCO (grid cell) "' a="). These regions include those with
recurrent seasonal biomass burning, such as tropical Africa,
SE Asia and the Amazon [e.g., Bowman et al., 2009], as well
as those regions with particularly large fires in 2008, such as
Siberia [e.g., Warnecke et al., 2009]. For these regions, the
number of days with elevated HNCO concentrations is
almost the same in each of the simulations shown, under-
lining the small sensitivity of surface HNCO to changing pH
shown in Section 4.2.2, and the fact that biomass burning
emissions are causing the majority of the exceedences (i.c.,
that the 2 x Anthro simulation has similar results to the others
for these regions).

[43] Figure 8 further illustrates the importance of biomass
burning for surface HNCO in some of the key regions
defined in Table 2 (and as highlighted in Figure 7c). This
figure shows the time series of daily total HNCO emissions
(black; integrated over the given region), together with the
time series of the regional maximum surface HNCO con-
centration (red), and the area-weighted regional mean sur-
face HNCO concentration (blue). The red and blue curves
show the spread for the pH2 to pH7 and pH calc simula-
tions, although the impact of pH is generally small. All three
axes are the same scale in each panel.

[44] The correlation of high surface HNCO concentrations
(maximum and average) with spikes in the emission field is
clear for each region. The occurrence of particularly large
HNCO emissions in SE Asia (Figure 8b) during March and
April, and in Siberia (Figure 8c) from April to August, result
in excursions of surface HNCO concentrations above 10
ppbv (several times in the case of Siberia). Regional average
concentrations are also elevated for these regions with large
emissions, and are close to 1 ppbv for the biggest emission
spikes.

[45] The mean total number of days (as calculated from all
simulations) where the regional maximum surface HNCO
concentration is >1 ppbv is similar between SE Asia
(55 days) and western Amazon (56 days), but is notably
larger for Siberia (97 days) and tropical Africa (71 days),
especially as the latter includes two separate biomass burn-
ing seasons either side of the equator (~January to March,
and ~June to September). Instances of elevated HNCO
concentrations in Canada exhibit the largest sensitivity to
pH, ranging from 30 to 43 days, mainly due to HCNO levels
that are close to the 1 ppbv threshold. The sensitivity is also
related to the relatively high LWC in this region, meaning
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Figure 7. Number of days when a given grid cell surface HNCO concentration is >1 ppbv during the
model year, for the (a) pH_calc, (b) 2 x Anthro, and (c) pH7 simulations. The boxes in Figure 7¢ highlight
particular regions, defined in Table 2 and further analyzed in Figures 8—10.

that the impact of changing pH on the aqueous fraction is
enhanced, compared to lower LWC regions (equation (2)).

[46] The occurrence of high HNCO concentrations in
China is the exception to the biomass burning rule, since its
HNCO emissions are almost all anthropogenic in origin.
This is clearly seen by comparing this region in the
2x Anthro results (Figure 7b) against the other simulations
(Figures 7a and 7c). Figure 7b also shows that the area of
China where surface HNCO concentrations are elevated is
expanded compared to the definition of “eastern China” in
Table 2.

[47] Figure 9 shows a time series plot of the regional total
emission, and maximum and average surface HNCO

Table 2. Latitude/Longitude Bounds of the Regions Shown in
Figures 7-10

Region Lon W Lon E Lat S Lat N
Tropical Africa 10°E 30°E 10°S 5°N
Urals 60°E 80°E 50°N 60°N
Northern India 70°E 80°E 25°N 35°N
Southeast Asia 90°E 115°E 15°N 30°N
Siberia 90°E 145°E 45°N 65°N
Eastern China 110°E 120°E 35°N 40°N
Canada 130°W 100°W 50°N 65°N
Western Amazon 75°W 50°W 20°S 5°S
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(a) Tropical Africa

Emission / Gg day’

Max HNCO / ppbv

2
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2008

Figure 8. Time series of daily values of regional total HNCO emissions (left hand axis; black), regional
maximum surface HNCO concentrations (1st right hand axis; red), and area-weighted regional mean sur-
face HNCO concentrations (2nd right hand axis; blue). The maximum and mean HNCO data consist of
two lines (not always visible) with shading in-between, indicating the range of data from the pH2—pH7
and pH_calc simulations. The red dashed line indicates 1 ppbv for the maximum surface HNCO axis.
Regions shown are (a) tropical Africa, (b) SE Asia, (c) Siberia, (d) Canada, and (e) western Amazon.

Regions are defined in Table 2.

concentration for eastern China. Figure 9a shows the time
series for the pH2—pH7 and pH_calc simulations (as per
Figure 8), and Figure 9b shows the time series for 2 x Anthro
simulation. For the 2xAnthro simulation, the regional
maximum surface HNCO concentration is elevated for

175 days, compared to a range of 7-10 days for all the other
simulations. This is perhaps not too surprising, since, based
on the emissions factors used in this study, the 2xAnthro
daily HNCO emissions in this region approach the smaller
biomass burning emissions seen in the other regions.
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Figure 9. Time series of daily values of regional total HNCO emissions, regional maximum surface
HNCO, and area-weighted regional mean surface HNCO in the style of Figure 8, but for eastern China.
(a) Results from the pH2—pH7 and pH_calc simulations and (b) results from the 2 x Anthro simulations.
Note that the red and blue axes have different ranges compared to Figure 8.

Figure 8 shows that daily emissions of HNCO over ~0.5 Gg
often result in regional maximum concentrations exceeding
1 ppbv.

5.2. Population-Weighted Impact

[48] Figure 10 presents a different perspective on com-
paring the regions. Figure 10a shows the number of days

where the regional maximum surface HNCO concentration
is elevated as mentioned above, but including all the regions
in Table 2. The data are from the pH7 simulation (i.e.,
representing the lower bound for the number of days),
although differences with the other pH simulations are small
or non-existent (0-3 days). The Urals, northern India, and

(a) Days where regional max HNCO = 1 ppbv

Tropical Africa
Central Russia
North India
Southeast Asia
E China
Siberia
Canada

Western Amazon

40

days

(b) Exposure to HNCO = 1 ppbv for = 7 days per year

Tropical Africa
Central Russia
North India
Southeast Asia
E China
Siberia
Canada

Western Amazon

0 10

20

30 40 50

population (millions)

Figure 10. (a) Number of days where the regional

maximum surface HNCO concentration is >1 ppbv by

region. (b) Population exposed to surface HNCO concentrations >1 ppbv for at least 7 days, by region.
Results are from the pH7 simulation. Regions are as defined in Table 2.
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Table 3. Globally Integrated Number of Days When the Surface
Concentration of HNCO Exceeds a Given Threshold, for the
pH_calc, pH6, pH7 and 2x Anthro Simulations®

Threshold Surface HNCO Concentration

500 pptv 750 pptv 1 ppbv 2 ppbv 5 ppbv
pH_calc 6435 3084 1894 599 110
pH6 5708 2852 1792 581 107
pH7 4937 2589 1647 546 100
2xAnthro 16607 6403 2983 643 110

“Number of days calculated for each individual grid cell and then
summed.

eastern China have the lowest number of days of high
HNCO concentrations, with Siberia clearly having the larg-
est. However, as elevated HNCO concentrations are poten-
tially a human health issue, Figure 10b expresses the
regional differences in terms of the population exposed to
elevated HNCO concentrations for (cumulatively) 7 days or
more (an arbitrary threshold), again using data from the pH7
simulation. These populations were calculated on a grid cell
basis, by determining the grid cells where elevated surface
HNCO concentrations occurred for >7 days and using grid-
ded population density data from Center for International
Earth Science Information Network et al. [2005] (scaled to
give a global population of 6.025 billion, from the year 2000
United Nations estimate). Many of the regions with high
numbers of days when the HNCO concentration is elevated
(tropical Africa, Siberia, Canada and western Amazon) are
also the least populated, whereas eastern China and northern
India have fewer days of exceedences but large populations.
SE Asia is doubly impacted, with a high population and
many days with high HNCO concentrations.

5.3.

[49] On one hand, using daily average concentrations,
taking the lower HNCO/HCN emission ratio, and assuming
irreversible uptake for heterogeneous loss means that this
analysis could underestimate the occurrences of elevated
HNCO. On the other hand, the lack of vertically distributed
fire emissions means that these occurrences could be over-
estimated. To somewhat address this, Table 3 shows the
globally integrated number of days where the surface HNCO
concentration exceeds different thresholds (ranging from
500 pptv to 5 ppbv), calculated on a per grid cell basis — i.e.,
the number of days a given grid cell exceeds the threshold
concentration in a year is determined, and then all the grid
cells are summed together. Data are shown for the pH_calc,
pH6, pH7 and 2xAnthro simulations.

[50] Using a higher HNCO concentration threshold
clearly reduces the number of days of exceedences, but
there is generally close agreement between the “pH” simu-
lations (including those not shown in Table 3), as is also
illustrated by the similarity of Figures 7a and 7c. The results
from the 2xAnthro simulation show large differences
compared to the other simulations for threshold HNCO
concentrations up to 1 ppbv, but are more similar when the
threshold is 2 ppbv or 5 ppbv. This demonstrates that the
large spikes in biomass burning (Figure 8) drive the very
large HNCO concentrations.

[51] To summarize Section 5, the regions that have the
largest number of occurrences of elevated surface HNCO

Impact of Changing the Threshold Concentration
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concentrations are generally those that have large biomass
burning emissions, and the HNCO concentrations exceed
1 ppbv at the time of the emission. The exception is for
locations with very large anthropogenic emissions, typified
by China in this study. In this region, maximum surface
HNCO concentrations are generally close to 1 ppbv year-
round with the standard emissions, and doubling the
anthropogenic emissions means that these maximum con-
centrations are >1 ppbv for almost half the year.

6. Discussion

[52] The results presented in Sections 4 and 5 suggest that
elevated (>1 ppbv) surface HNCO concentrations are prob-
able, particularly in regions impacted by biomass burning, or
with very large anthropogenic emissions. If these results
were to be borne out by observations, this would mean that
many millions of people are exposed to levels of HNCO that
could be high enough to damage their health, although
HNCO levels are not controlled by any government. How-
ever, there remain several uncertainties and knowledge gaps,
both related to this study and to understanding of the con-
nection between HNCO exposure and resulting health
effects.

[53] This study suggests that surface HNCO emissions are
likely the most important factor in determining where and
when surface HNCO concentrations are elevated. Emissions
also remain one of the most uncertain factors in this work,
being a highly derived quantity from HCN (and CO) emis-
sions, coupled with the general uncertainty in estimates of
anthropogenic [e.g., Lamarque et al., 2010; Verma et al.,
2011] and biomass burning [e.g., Wiedinmyer et al., 2011]
emissions, including their vertical distribution. Besides the
confirmed measurements of HNCO from fires, other sources
of HNCO are not generally well understood. Preliminary
analysis of observational data from a field campaign in
California and the USA Pacific coastal region (CalNex;
http://www.esrl.noaa.gov/csd/calnex/) suggests that both
primary and secondary (i.e., photochemical) sources of
HNCO are important for the Los Angeles region, which,
based on the characteristics of that region, could suggest a
contributing automotive source not fully accounted for here.

[54] In addition, full accounting of the distribution and
source strength of HNCO from biofuel emissions was not
done in this study, as the anthropogenic emissions were
scaled from total (fossil fuel and biofuel) CO emissions.
Furthermore, estimates of biofuel emissions from domestic
cooking (of all species) are very uncertain [Rehman et al.,
2011]. Understanding this source of HNCO should be a
priority not only for better characterizing regional emissions,
but mainly because of the potential health impacts of high
HNCO exposure through indoor fires, which add to the other
known health effects from this source [Ezzati and Kammen,
2002].

[s5] By scaling HCN emissions by 0.3, this study used the
lower bound of HNCO/HCN ratio measured by Roberts
et al. [2011] to determine the HNCO emissions. It is
expected that increasing this scale factor to 0.5 (the upper
bound) would increase the peak surface HNCO concentra-
tions in the major biomass burning emitting regions shown in
Figure 8. Moreover, increasing the scale factor could increase
the number of days of elevated HNCO concentrations in
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regions with more moderate biomass burning emissions, such
as northern India, the Urals and parts of Central America (see
Figure la), thus greatly increasing the total population
exposed to potentially deleterious HNCO concentrations.

[s6] Of course, what constitutes “deleterious” concentra-
tions of HNCO is also uncertain. Little is known about the
exposure/response relationships of HNCO, and it could be
that chronic exposure to moderate levels of HNCO (e.g.,
<1 ppbv, but several 100 pptv) could have health impacts.
Such chronic exposure would be an issue in areas with
large anthropogenic emissions, as shown for the particular
case of China in these results.

[57] Overall, this study suggests that areas impacted by
either very large anthropogenic emissions, or large biomass
burning emissions are likely to experience periods where
surface HNCO concentrations greatly exceed 1 ppbv, irre-
spective of the environmental pH. While the emissions may
be uncertain, the fact that modeled HNCO concentrations are
often >4 ppbv during the fire seasons suggests that the error
(which could go either way) would have to be very large for
there to be no areas with elevated HNCO concentrations.
Based on the results here, there is now a need to increase the
coverage of HNCO observational data, particularly in areas
impacted by biomass burning, both for model validation and
to determine whether there are large populations at a
potential risk.

7. Summary and Conclusions

[58] This study used the chemical transport model
MOZART-4 to make the first estimate of the tropospheric
distribution and budget of isocyanic acid (HNCO), a toxin
that has only recently been measured in the ambient atmo-
sphere. The model included HNCO emissions from biomass
burning (year 2008) and anthropogenic sources, and loss
processes via wet and dry deposition (relatively fast), and
reaction with OH (very slow).

[s9] The results suggest that several regions, and large
populations are exposed to surface concentrations of
HNCO >1 ppbv, which is the level at which deleterious
health effects might be expected. For surface HNCO con-
centrations, the magnitude of the local emission is the key
factor in determining their level. Regions that experienced
large fire emissions (tropical Africa, SE Asia, Siberia,
Canada and the Amazon) had the highest surface con-
centrations of HNCO, generally far higher than 1 ppbv on
several days. While Siberia had the highest concentrations of
HNCO and the greatest number of days where HNCO was
greater than 1 ppbv, SE Asia is far more populated, and was
the region with the greatest number of people exposed to the
elevated HNCO. Surface HNCO levels over China were also
high, due to large anthropogenic emissions. In the standard
simulation, maximum surface HNCO concentrations over
China were close to 1 ppbv, exceeding that level for 9 days.
However, in a simulation with doubled anthropogenic
emissions, this increased to 173 days. Other regions gener-
ally have far less anthropogenic emissions, so the impact of
doubling them did not push the HNCO concentrations above
1 ppbv.

[60] Tropospheric budget statistics of HNCO demonstrate
the importance of cloud water pH, which controls the frac-
tion of the total loss via wet deposition. While a small term
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in the total budget, loss of HNCO via reaction with OH
becomes more important at higher altitudes (above 400 hPa),
where it is also possible that photolytic loss could be a key
budget term. Both the burden and lifetime decrease mark-
edly when the pH is fixed globally at a relatively high value
(pH5-7), compared to more acidic simulations (pH2—4) and
when using the model-calculated pH, as the heterogencous
loss increases in importance and dominates over dry depo-
sition. Acidity is of great importance for transport of HNCO
to remote areas and its distribution in the middle and upper
troposphere, and export of HNCO from emitting regions to
these parts of the atmosphere is greatly reduced in the pH6
and pH7 simulations. The model-calculated pH is likely too
acidic, likely mainly due to the absence of the basic influ-
ence of soil dust (from Ca®"). Furthermore, the assumption
that the heterogeneous loss is irreversible likely means that
this loss process is over-estimated here. However, over land,
surface concentrations of HNCO were mostly insensitive to
changes in pH, suggesting that HNCO emissions are the key
area to validate and improve on.

[61] While this study was completed with a model that has
some limitations, and an uncertain understanding of HNCO
emissions and loss processes, it has identified that regions
with very large anthropogenic emissions and those impacted
by biomass burning have populations potentially at risk of
being exposed to elevated HNCO concentrations. More
HNCO observations are needed in these parts of the world to
validate the model, and help improve emissions estimates,
particularly from biofuel use. Furthermore, a better under-
standing on what concentrations of HNCO lead to deleteri-
ous health effects would aid a more comprehensive risk
assessment for this compound.
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