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Abstract Satellite-derived enhancement ratios of NH3 relative to CO column burden (ERNH3∕CO) in fires
over Alaska, the Amazon, and South Equatorial Africa are 35, 45, and 70% lower than the corresponding ratio
of their emissions factors (EFNH3∕CO) from biomass burning derived from in situ observations. Simulations
performed using the Geophysical Fluid Dynamics Laboratory AM3 global chemistry-climate model show
that these regional differences may not entirely stem from an overestimate of NH3 emissions but rather
from changes in the gas-aerosol partitioning of NH3 to NH+

4 . Differences between ERNH3∕CO and EFNH3∕CO

are largest in regions where EFNOx∕NH3
is high, consistent with the production of NH4NO3. Biomass burning

is estimated to contribute 11–23% of the global burden and direct radiative effect (DRE) of NH4NO3

(−15 to −28 mW m−2), despite accounting for less than 6% of the global source of NH3. Production of
NH4NO3 is largely concentrated over the Amazon and South Equatorial Africa, where its DRE can reach
−1.9 W m−2 during the biomass burning season.

1. Introduction

Biomass burning is the largest natural source of NH3 on land [Bouwman et al., 1997; Paulot et al., 2014]. The
emissions of NH3 from fires and subsequent NH3 deposition play an important role in the redistribution of
nitrogen, a limiting nutrient in many ecosystems, from savanna to tropical forests [Chen et al., 2010]. How-
ever, the magnitude of the biomass burning source of NH3 remains highly uncertain as is illustrated by the
large differences between the Global Fire Assimilation System (6.33 TgN a−1) [Kaiser et al., 2012] and the Global
Fire Emissions Database (GFED v4.1s; 3.35 TgN a−1) [van der Werf et al., 2010; Randerson et al., 2012] over the
2003–2008 period. This large range primarily reflects the uncertainty in emission factors for NH3 (EFNH3

), the
mass of NH3 emitted per kilogram of dry matter burnt. EFNH3

is generally derived from in situ observations in
fresh plumes [Akagi et al., 2011]. Ground-based [Paton-Walsh et al., 2005; Lutsch et al., 2016] and, more recently,
spaceborne instruments, such as the Infrared Atmospheric Sounding Interferometer (IASI) [Coheur et al.,
2009; R’Honi et al., 2013; Whitburn et al., 2015, 2016a] and the Tropospheric Emission Spectrometer (TES)
[Luo et al., 2015; Alvarado et al., 2011], have also been used to quantify the enhancement of NH3 over fires.
Two approaches have been used to estimate NH3 emissions from remote sensing. In the first approach, EFNH3

is estimated using the ratio of the enhancement of NH3 relative to the enhancement of another species
(typically CO, ERNH3∕CO), for which fire emissions are well characterized [Coheur et al., 2009; R’Honi et al., 2013;
Whitburn et al., 2016a; Alvarado et al., 2011; Luo et al., 2015]. This approach does not take into account the
effect of aging, including chemical loss, physical deposition, and gas-aerosol partitioning, which can alter the
relationship between enhancement ratio and emission ratio [Yokelson et al., 2013]. In the case of NH3, ERNH3∕CO

is expected to underestimate EFNH3
, as the lifetime of NH3 is much shorter than that of CO [Whitburn et al.,

2016a]. In the second approach, the regional emissions of NH3 are estimated from a box model constrained
by daily changes in the regional NH3 burden [Whitburn et al., 2015, 2016a], assuming a first-order loss of NH3

(i.e., d[NH3]∕dt=−k[NH3]). This approach is susceptible to other sources of NH3 (e.g., agriculture) and sensitive
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to the choice of lifetime for NH3 (𝜏NH3
= 1∕k) in the plume [Whitburn et al., 2015]. 𝜏NH3

is generally assumed to
range from 12 to 36 h following estimates derived from global models [Whitburn et al., 2015], which is consis-
tent with recent observations from Canadian fires (𝜏NH3

= 48h) [Lutsch et al., 2016]. However, the lifetime of
NH3 may be much shorter in some biomass burning plumes, as a result of its rapid reactions with SO2−

4 and
HNO3, a product of NO oxidation, to form (NH4)xH2−xSO4 (x ≤ 2) and NH4NO3 aerosol. For instance, Yokelson
et al. [2009] estimated that 30% of the emitted NH3 was converted to NH+

4 within 1.4 h of the emission and
similar conversion rates can be inferred from recent observations for agricultural fires [Liu et al., 2016]. Note
that these gas-to-aerosol partitioning reactions are limited by the availability of reactants and may not be
adequately represented by first-order loss processes in aged plumes.

In situ observations have shown that NH4NO3 is produced rapidly after emission [Hobbs et al., 2003; Yokelson
et al., 2009; Alvarado et al., 2010; Hecobian et al., 2011; Akagi et al., 2012; Liu et al., 2016; Collier et al., 2016; Cai
et al., 2016; Benedict et al., 2017]. NH4NO3 formation is promoted by high concentrations of TNH3 ≡ NH3+NH+

4
and TNO3 ≡ HNO3 +NO−

3 and low temperature (associated with injection of smoke into the free troposphere)
consistent with the thermodynamic equilibrium between NH3∕HNO3 gases and NH4NO3 aerosols [Stelson and
Seinfeld, 1982]. Such conditions are often not met for anthropogenic sources, as NOx emissions (mostly from
fossil fuel) and NH3 emissions (mostly from agriculture) can be spatially segregated [Pinder et al., 2007; Paulot
and Jacob, 2014] and emitted at the surface. As a result, NH4NO3 concentration is often low in summer in the
midlatitudes [Schaap et al., 2004; Heald et al., 2012; Paulot et al., 2016]. This suggests that biomass burning, a
minor source of NH3 (∼10%) [Paulot et al., 2014], may have a disproportionate importance in the global budget
of NH4NO3. Although this contribution has not been quantified to date, global model simulations show that
the direct radiative forcing (DRF) of NH4NO3 (DRFNH4NO3

) is stronger than −1 W m−2 over tropical biomass
burning sources [Hauglustaine et al., 2014], a value which is comparable to DRFNH4NO3

over large agricultural
sources of NH3 in Europe and the U.S.

Here we use retrievals of CO and NH3 column burdens for 2009–2013 from IASI to calculate the enhancement
of NH3 relative to CO in three different world regions. We then use the Geophysical Fluid Dynamics Laboratory
(GFDL) global chemistry-climate model AM3 to estimate the influence of aging on ERNH3∕CO. Finally, we discuss
the influence of biomass burning on the budget and direct radiative effect of NH4NO3.

2. Method

We use morning observations (overpass time 9:30 A.M. LT over the equator) of CO [Hurtmans et al., 2012] and
NH3 [Whitburn et al., 2016b] total columns from IASI on board the Metop A satellite. Observations (footprints
of 12 km at nadir) are regridded to 0.5∘ × 0.5∘ by taking the arithmetic mean of all measurements within a
cell. Following Whitburn et al. [2016a], we only consider NH3 columns with relative errors lower than 100% or
absolute errors lower than 7.5 × 1015 mol cm−2 and exclude scenes with cloud contamination greater than
25%. Both CO and NH3 retrievals have been used in previous studies to characterize the biomass burning
sources of NH3 at high latitudes [R’Honi et al., 2013] and in the tropics [Whitburn et al., 2015, 2016a].

We use the GFDL-AM3 model [Donner et al., 2011; Naik et al., 2013], the atmospheric chemistry-climate com-
ponent of the GFDL-CM3 model [Donner et al., 2011; Griffies et al., 2011; John et al., 2012], to simulate the
fate of NH3 emitted from biomass burning. We include recent updates to AM3 chemistry and wet deposition
described [Paulot et al., 2016, 2017]. The formation of NH4NO3 is assumed to be controlled by the thermody-
namic equilibrium between TNH3 ≡ NH3 + NH+

4 , TSO4 ≡ H2SO4 + HSO−
4 + SO2−

4 , and TNO3 ≡ HNO3 + NO−
3 ,

which is solved using ISORROPIA [Fountoukis and Nenes, 2007] at each model time step (30 min). Paulot et al.
[2016] showed that this version of AM3 captures the seasonal and spatial distributions of surface [NO−

3 ] in
Europe and the U.S. well (R> 0.6), which indicates that AM3 can provide insights on the sensitivity of [NH3]
to the absolute and relative magnitudes of NOx (via HNO3) and NH3 emissions. NH4NO3 optical proper-
ties are obtained from Mie calculations using hygroscopic growth from Tang [1996] and refractive indices
from Gosse et al. [1997]. Hygroscopic growth is capped at 97% for all aerosols. We also account for the
formation of coarse-mode NO−

3 through the uptake of HNO3 on dust, but its radiative forcing is not con-
sidered. Hauglustaine et al. [2014] estimated that coarse-mode NO−

3 accounts for 10% of the overall NO−
3

radiative forcing.

Daily dry matter emissions are obtained from the Global Fire Emissions Database (GFEDv4.1s) [Giglio
et al., 2010; Randerson et al., 2012] and speciated using recommended emission factors (EFs) [Andreae and
Merlet, 2001; Akagi et al., 2011]. We follow Sofiev et al. [2012, 2013] and Mu et al. [2011] to distribute emissions
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vertically and hourly, respectively. To account for rapid chemistry in the plume, oxidized nitrogen is emitted
as peroxyacetyl nitrate (40%), NO (40%), and nitric acid (20%) rather than purely as NO [Alvarado et al., 2010;
Fischer et al., 2014]. Anthropogenic emissions for all short-lived species, including NO and NH3, are from the
Community Emissions Data System (v2017-05-18) [Hoesly et al., 2017] developed in support of the Coupled
Model Intercomparison Project Phase 6 (CMIP6). This inventory improves the spatial (0.5∘ × 0.5∘ versus 1∘ × 1∘)
and seasonal (monthly for each year versus annual for each decade) distribution of anthropogenic emissions
compared with the inventory used for CMIP5 [Lamarque et al., 2010].

To facilitate comparisons with satellite observations, AM3 is run at a horizontal resolution of 0.5∘ × 0.5∘ and
model horizontal winds are nudged to 6-hourly horizontal winds from the National Centers for Environmental
Prediction reanalysis [Kalnay et al., 1996; Lin et al., 2012]. Monthly sea surface temperature and sea ice cover
are prescribed following Taylor et al. [2000] and Rayner et al. [2003]. For comparison with IASI, we sample the
model at the time and location of valid observations of both CO and NH3. No averaging kernel is produced in
the IASI retrieval of NH3, so we compare simulated columns directly with observations selected based on the
relative and absolute error. This approach helps reduce the high bias associated with regridding based solely
on relative errors [Van Damme et al., 2014; Whitburn et al., 2016b].

The molar enhancement ratio of X relative to CO in biomass burning plumes is defined as

ERX∕CO =
[X] − [X]background

[CO] − [CO]background

ERNH3∕CO can be estimated from satellite observations using the slope of the relationship between CO and NH3

column burdens [Coheur et al., 2009; Whitburn et al., 2016a]. As CO emissions are much better constrained than
NH3, ERNH3∕CO can then be used to estimate NH3 emission factor (EF(NH3) in g/kg of dry matter), as EF(NH3) =
ERNH3

×EF(CO)×MW(NH3)∕MW(CO). This approach provides a lower bound for EF(NH3), as it does not account
for the longer lifetime of CO relative to NH3 [Whitburn et al., 2016a].

3. Results and Discussion
3.1. Enhancement Ratios Over Boreal Forest, Tropical Forest, and Savanna Fires
Figure 1 shows NH3 emissions from biomass burning in the GFED inventory over the 2009–2013 period.
Biomass burning contributes less than 6% of the overall source of NH3, which is dominated by agricul-
ture [Bouwman et al., 1997; Paulot et al., 2014]. The largest biomass burning sources of NH3 are located in
the southern tropics and in boreal regions. We select three regions—Amazon, South Equatorial Africa, and
Alaska—that are representative of tropical forests, savannas, and boreal forests, respectively. Figure 1 shows
the observed (black) and simulated (red) time series for NH3 and CO columns in each region. AM3 captures the
magnitude and interannual variability of NH3 and CO well during the biomass burning season (high NH3(bb)
columns, blue). The overall correlation between simulated and observed columns is greater than 0.57 except
for NH3 in South Equatorial Africa (R = 0.36). In this region, Whitburn et al. [2015] previously noted that NH3

and CO columns peak 1 month after the fire radiative power, suggesting an increase in EF in the course of the
fire season. The high correlation between simulated and observed CO columns (R = 0.83) also suggests that
nonfire emissions, which account for 49% of the NH3 burden annually and 26% during the biomass burning
season (July–September), also contribute to the discrepancy between simulated and observed NH3 columns
in this region.

Higher NH3(bb) column than NH3 column during the biomass burning season reflects the simulated parti-
tioning of NH3 to NH+

4 aerosol. AM3 suggests that significant partitioning occurs in the Amazon in 2010 and
South Equatorial Africa, while there is little partitioning in Alaska. During low fire years (2009 and 2011–2013),
NH3(bb) column is lower than the simulated NH3 column over the Amazon, implying a large influence from
nonbiomass burning sources (e.g., agriculture). The simulated NH4NO3 column (green) during the biomass
burning season is comparable or greater than that of NH3 in the Amazon in 2010 and South Equatorial Africa.
An additional simulation with no NH3 emissions from biomass burning shows that fires are a major source of
NH4NO3 in these regions (Figure S1 in the supporting information).

Figure 2 shows the variation in observed and simulated daily ERNH3∕CO with varying CO column in the three
regions shown in Figure 1 during the biomass burning season (months indicated in plot). Here ERX∕CO is cal-
culated daily over land in each 2.5∘ × 2.5∘ subregions with 10 valid observations and a correlation between
CO and NH3 greater than 0.3 [Whitburn et al., 2016a]. This approach allows us to isolate the effect of fire
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Figure 1. (a) GFED biomass burning emissions of NH3 and (b) their meridional contribution (red line) to the total emissions of NH3 (black line) over the
2009–2013 period. The global values of GFED NH3 emissions and their contribution to the overall NH3 emissions are shown in insets (Figure 1a). Monthly
averaged observed (black) and simulated (red) columns for (c–e) NH3 and (f–h) CO over land for Western Alaska (Figures 1c and 1f ), the Amazon (Figures 1d
and 1g), and South Equatorial Africa (Figures 1e and 1h). The simulated columns of NH4NO3 and NH3(bb) (NH3 emitted from biomass burning with no chemical
sink) are also shown in green and blue, respectively. The model is sampled at locations and times when both valid CO and NH3 observations are available. Months
for which more than 50% of the region has no valid observation are not shown. The correlation between observed and simulated columns are indicated in insets.

emissions, which only affect a fraction of each region on any given day, from other emissions. As NH3 is
removed from the atmosphere much faster than CO, one would expect ERNH3∕CO to increase with the CO
burden, corresponding to fresher plumes, and approach EFNH3∕CO (dashed line). This ideal behavior is demon-
strated by the simulated ERNH3(bb)∕CO. However, both observed and simulated ERNH3∕CO decrease with CO
column in the Amazon and South Equatorial Africa and the simulated ERNH3∕CO underestimates EFNH3∕CO. The
decrease in ERNH3∕CO suggests that even during the biomass burning season, NH3 is significantly affected by
nonbiomass burning emissions (most likely agriculture). To limit this influence, we focus on ERNH3∕CO at high
CO column amounts, which is taken as a proxy for young fire plumes.

Table 1 shows observed and simulated ERNH3∕CO from biomass burning for the regions shown in Figure 1.
Observations of ERNH3∕CO compare well with recent estimates from Whitburn et al. [2017]. However, observed
and simulated ERNH3∕CO are lower than implied by EFNH3∕CO derived from in situ observations in fresh plumes
[Akagi et al., 2011] by 35% in Alaska, 45% in the Amazon, and 70% over South Equatorial Africa. Significant dif-
ferences have also been reported in previous studies and attributed to (i) misrepresentations of NH3 emissions,
(ii) artifacts in NH3 retrieval [Whitburn et al., 2017], (iii) differential aging [Whitburn et al., 2015, 2016a]. Errors
in NH3 emissions [Alvarado et al., 2011; Luo et al., 2015; Whitburn et al., 2015, 2016a] are the most common
explanation, as EFNH3

remains particularly uncertain with in situ observations showing large natural variabil-
ity [Akagi et al., 2011]. In addition, changes in the nature of the fire (e.g., degree of flaming) can introduce
significant variations in biomass burning emission on diurnal to seasonal time scales, which are not captured
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Figure 2. Observed (black) and simulated (red) daily ERNH3∕CO for the three regions shown in Figure 1 during the
biomass burning season. Simulated ERNH4NO3∕CO and ERNH3(bb)∕CO are shown in green and blue, respectively. The
dashed black line shows the molar ratio of NH3 to CO emissions. Each point represents the average of at least 30 daily
ERX∕CO values. Error bars indicate the bootstrapped 95% confidence interval of the mean.

Table 1. Regional EF and ER Ratios

Alaska Amazon South Equatorial Africa

(60∘N–70∘N, −160∘E–140∘E) (−20∘N–0∘N, −70∘E–45∘E) (−15∘N–−2.5∘N, 12.5∘E–35∘E)

Dominant vegetation Boreal Tropical Forest Savanna

EFNH3∕CO(%)a 3.3 2.0 1.5

ERNH3∕CO(%)b

IASIc 2.1 [1.6–2.7] 1.1 [0.9–1.3] 0.45 [0.4–0.5]

AM3 2.0 [1.8–2.2] 0.97 [0.9–1.1] 0.35 [0.3–0.4]

AM3 (NH3(bb)) 2.3 [2.1–2.5] 1.6 [1.5–1.7] 1.12 [1.1–1.2]

ERNO−
3 ∕CO(%)

AM3b 0.16 [0.1–0.2] 0.96 [0.8–1.1] 0.86 [0.8–0.9]

Aircraft 0.06–0.18d 0.32 ± 0.55e

EFNOx∕NH3
(mol/mol)a 0.18 1.85 3.6

aMolar emission ratio in GFED (http://www.falw.vu/∼gwerf/GFED/GFED4/ancill/). Natural variability in NH3 emissions
for these biomes is >65% [Akagi et al., 2011].

bMean molar enhancement of X relative to CO. We only consider CO columns greater than 2.5×1018 molecules cm−2

(Alaska), 4 × 1018 molecules cm−2 (Amazon), and 3 × 1018 molecules cm−2 (South Equatorial Africa) to isolate biomass
burning plumes. The correlations between NH3 and CO are R = 0.73, 0.63, and 0.57 for the Alaska, Amazon, and South
Equatorial Africa regions, respectively. The 95% bootstrapped confidence interval of the mean is indicated in bracket.

cThe derived ERNH3∕CO is a lower bound [Dammers et al., 2017].
dAlvarado et al. [2010].
eFormenti et al. [2003].
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Figure 3. Change in the (a) NH3 and (c) NH4NO3 columns associated with NH3 emissions from biomass burning. The absolute and relative contribution of
biomass burning to the NH3 (Δf NH3) and NH4NO3 (Δf NH4NO3) global burdens are shown in insets. The contribution of biomass burning (red) to the overall
burden (black) of NH3 and NH4NO3 as a function of latitude are shown in Figures 3b and 3d, respectively.

by GFED [Whitburn et al., 2015]. Recent comparisons with ground-based Fourier transform infrared [Dammers
et al., 2016, 2017] show that NH3 retrieval from IASI has a significant low bias (−50%) which decreases to
≃ −25% for columns exceeding 1.5 × 1016 mol cm−2. Filtering for high NH3 columns (>1.5 × 1016 mol cm−2)
does not significantly affect the derived ERNH3∕CO. This suggests that artifacts in the IASI NH3 retrieval are likely
to introduce a low bias in ERNH3∕CO but that regional differences are robust. Table 1 shows that AM3 captures
regional differences between the EFNH3∕CO derived from in situ observations and ERNH3∕CO derived from IASI
well. Since AM3 is driven by EFNH3∕CO from in situ observations, this suggests that differential aging can also
help resolve the discrepancy between in situ and spaceborne constraints on fire emissions of NH3.

NH3 aging can be divided into two components: (1) chemical loss (dominated by its gas-to-aerosol parti-
tioning [Paulot et al., 2016]) and (2) deposition loss and mixing. In our simulations, the difference between
ERNH3∕CO and ERNH3(bb)∕CO is a measure of the former, while the difference between ERNH3(bb)∕CO and EFNH3∕CO is
a measure of the latter. Table 1 shows that the ratio of ERNH3(bb)∕CO to EFNH3∕CO is similar (0.7–0.8) in all regions.
In contrast, the ratio of ERNH3∕CO to ERNH3(bb)∕CO ranges from 0.9 in Alaska to 0.3 in South Equatorial Africa.
This range implies that regional differences in the degree of partitioning of NH3 to NH+

4 can induce larger
differences in ERNH3∕CO than differences in EFNH3∕CO. In AM3, the degree of partitioning to aerosol is largely
driven by the formation of NH4NO3 and increases with EFNOx∕NH3

. Observations also show higher ERNH4NO3∕CO

over savanna fires than boreal fires (Table 1). Note that high EFNOx∕NH3
alone is not a sufficient condition for

a large fraction of NH3 to partition to NH4NO3. Emissions of NH3 and NO also need to be sufficiently large
for the product of TNH3 and TNO3 to exceed the dissociation constant for NH4NO3 [Seinfeld and Pandis, 2006;
Bellouin et al., 2011]. Injection of smoke above the boundary layer also increases the production of NH4NO3,
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Figure 4. (a) Top-of-atmosphere all-sky direct radiative effect (DRE) associated with NH4NO3 from biomass burning (Δf DRENH4NO3(bb)), in W m−2. The global
values of Δf DRENH4NO3

and their contributions to the DRENH4NO3
are shown in insets. (b) The zonal mean DRENH4NO3

(black) and the contribution from biomass
burning (red). Δf DRENH4NO3

(solid) and DREaerosol (dashed) over the (c) Amazon and (d) South Equatorial Africa. The value of Δf DRENH4NO3
and DREaerosol

(in parentheses) are indicated in inset for each year for both the Amazon (September) and South Equatorial Africa (July–September).

as its dissociation constant decreases more than 200-fold from 25∘C to 5∘C (at RH = 50% [Seinfeld and Pandis,
2006]). AM3 suggests that these conditions for NH4NO3 production are often not met over the Amazon in
low fire years, highlighting the nonlinear response of NH4NO3 to fire intensity. Simulations with global per-
turbations of NH3 emissions from biomass burning further show that the resulting change in the degree of
limitation of NH4NO3 by NH3 modulates the relationship between ERNH3∕CO and EFNH3∕CO (Table S1).

3.2. Implication for the Contribution of Biomass Burning to the Burden and Direct Radiative Effect
of Ammonium Nitrate
We performed an additional simulation with no emission of NH3 from biomass burning to estimate the impact
on the global burden of NH3 and NH4NO3. Figure 3 shows that fires contribute 12 to 16% (yearly values shown
as inset) of the overall NH3 burden (Δf NH3) from 2009 to 2013, more than the contribution of fires to the over-
all source of NH3(≃ 5%, Figure 1). This high sensitivity can be partly attributed to the injection of NH3 into
the free troposphere, which reduces its surface removal. This injection in a region where NH4NO3 produc-
tion is limited by NH3 [Paulot et al., 2016] and the elevated concentration of TNH3 and TNO3 in fire plumes
also result in a large contribution of NH3 from fires (up to 23%) to the NH4NO3 burden (Δf NH4NO3). The spa-
tial distribution of Δf NH3 and its interannual variability closely follow the variations of the biomass burning
source of NH3, peaking in the tropics and boreal regions (see also Figure S1). In contrast, tropical and southern
subtropical regions (−35∘S to 15∘N) account for 75% of Δf NH4NO3 and dominate its interannual variability.
The importance of the tropics for Δf NH4NO3 is illustrated by the contrast between 2010 (high fires in South
America) and 2012 (high fire in boreal Asia). Both years have similar global NH3 emissions from fires (Figure 1),
but Δf NH4NO3 is 50% larger in 2010 than in 2012, consistent with the much higher EF(NOx) in tropical forest
fires than boreal forest fires (Table 1).

We then estimate the contribution of biomass burning to the top of atmosphere (TOA) direct radiative
effect of NH4NO3 (DRENH4NO3

), i.e., the instantaneous radiative impact of NH4NO3 [Heald et al., 2014]. DREX

is calculated as the difference between the instantaneous TOA radiative imbalance with and without X
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[Ming et al., 2005], which are obtained by calling the radiative transfer scheme twice at each time step. The
simulated annual global mean DRENH4NO3

are −0.13 and −0.21 W m−2 for all-sky and clear-sky conditions,
respectively, over the 2009–2013 period (Figures S2 and S3). This is in reasonable agreement with previous
estimates from Heald et al. [2014] (−0.086 and −0.122 W m−2, after we rescale from NO−

3 to NH4NO3 using the
ratio of MW(NH4NO−

3 ) to MW(NH−
3 )) and with the multimodel mean all-sky TOA direct radiative forcing (DRF)

(a lower bound for DRE [Heald et al., 2014]) from AEROCOM II [Myhre et al., 2013b]: DRFNH4NO3
= −0.08 (−0.02

to −0.12) W m−2 from 1850 to 2000 and DRFNH4NO3
= −0.11 W m−2 from 1750 to 2010. The global DRENH4NO3

associated with biomass burning (Δf DRENH4NO3
) is calculated as the difference of DRENH4NO3

with and without
NH3 emissions from biomass burning. Over the 2009–2013 periodΔf DRENH4NO3

is−0.02 W m−2 (Figure 4) and
−0.03 W m−2 (Figure S4) for all-sky and clear-sky conditions, respectively, much less than estimated for black
carbon (0.03–0.4 W m−2) and organic carbon (−0.4 to −0.03 W m−2) [Myhre et al., 2013a; Saleh et al., 2015].
Δf DRENH4NO3

is most negative in the tropics (<−1 W m−2 in South Equatorial Africa). Figure 4 also shows its
seasonality and interannual variability over the Amazon and South Equatorial Africa (see also Figures S4 and
S5 and Sena et al. [2013]). Δf DRENH4NO3

reaches −1.9 W m−2 and −1.6 W m−2 during the biomass burning
season over the Amazon and South Equatorial Africa, respectively, highlighting the regional importance of
NH4NO3 produced from biomass burning.

4. Conclusion

We have derived ERNH3∕CO using column burdens from IASI over tropical forest, savanna, and boreal forest
fires. ERNH3∕CO is lower than EFNH3∕CO derived from in situ observations by 30% over boreal forest, 45% over
tropical forest, and 70% over savanna fires. Similar discrepancies have been reported in previous studies
and interpreted in terms of misrepresentations in NH3 emissions. However, we show that the AM3 global
chemistry-climate model captures the observed ERNH3∕CO well when driven by EFNH3∕CO derived from in situ
observations. We estimate that dilution and deposition can result in a 30% decrease of ERNH3∕CO (as observed
by IASI) relative to EFNH3∕CO. The larger discrepancy over tropical forest and savanna fires is attributed to the
rapid partitioning of NH3 to NH+

4 . Our model predicts that the relative impact of this partitioning is greatest
in savanna fires, as high EFNOx∕NH3

allows for the efficient production of NH4NO3. The large simulated spatial
and interannual variability in the impact of aging on ERNH3∕CO suggest that models that resolve the chem-
istry of NH3 and NH4NO3 are needed to interpret spaceborne observations of NH3 and that in situ constraints
on its fate in fire plumes are urgently needed. Our conclusions are likely to be applicable to other sources
of NH3. For instance, Warner et al. [2017] recently noted that the observed increase in the NH3 column over
Europe may be driven by the decrease in the emissions of SO2−

4 and HNO3 precursors rather than by changes in
NH3 emissions.

Biomass burning is estimated to contribute 11–23% of the NH4NO3 burden and 12%–22% of DRENH4NO3

(−15–−28 mW m−2). This exceeds the contribution of fires to the overall NH3 emissions (≃ 5% in our simula-
tion). This high sensitivity is driven by the collocation of high concentrations of TNH3 and TNO3 in fire plumes
and by the injection of NH3 in the free troposphere, where NH4NO3 production is more frequently limited
by NH3 than at the surface. NH4NO3 production is largest in South Equatorial regions (colocated with high
EFNOx∕NH3

), where biomass burning is simulated to be its single largest source, with Δf DRENH4NO3
as low as

−1.9 W m−2 during the biomass burning season over the Amazon. Our model shows that significant produc-
tion of NH4NO3 only occurs in large fires, contributing to significant interannual variability of Δf DRENH4NO3

.
This suggests that the increase in fire activity associated with deforestation in the Amazon [van Marle et al.,
2017] has made NH4NO3 production more likely in this region. The simulated regional and interannual vari-
ability in the production of NH4NO3 may also have important implications for the overall radiative properties
of smoke both directly and indirectly, as mixing of NH4NO3 with organic carbon has been shown to increase
the absorption of organic carbon (“lensing” effect [Lack et al., 2012; Saleh et al., 2015]).
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