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The deposition of phosphorus (P) from African dust is believed to
play an important role in bolstering primary productivity in the
Amazon Basin and Tropical Atlantic Ocean (TAO), leading to
sequestration of carbon dioxide. However, there are few mea-
surements of African dust in South America that can robustly test
this hypothesis and even fewer measurements of soluble P, which
is readily available for stimulating primary production in the
ocean. To test this hypothesis, we measured total and soluble P
in long-range transported aerosols collected in Cayenne, French
Guiana, a TAO coastal site located at the northeastern edge of the
Amazon. Our measurements confirm that in boreal spring when
African dust transport is greatest, dust supplies the majority of P,
of which 5% is soluble. In boreal fall, when dust transport is at an
annual minimum, we measured unexpectedly high concentrations
of soluble P, which we show is associated with the transport of
biomass burning (BB) from southern Africa. Integrating our results
into a chemical transport model, we show that African BB supplies
up to half of the P deposited annually to the Amazon from
transported African aerosol. This observational study links P-rich
BB aerosols from Africa to enhanced P deposition in the Amazon.
Contrary to current thought, we also show that African BB is a
more important source of soluble P than dust to the TAO and
oceans in the Southern Hemisphere and may be more important
for marine productivity, particularly in boreal summer and fall.

dust | biomass burning | phosphorus | Atlantic Ocean | Amazon Basin

Deposition of phosphorus (P) by aerosols to P-depleted
ecosystems modulates primary productivity and can conse-
quently impact atmospheric carbon dioxide levels on a global
scale (1-4). Every year, African dust is transported across the
Tropical Atlantic Ocean (TAO) to South America in boreal
winter and spring (5, 6). Nutrients associated with dust are hy-
pothesized to alleviate P limitations (1, 7-10) on a timescale
of days in marine environments to millions of years in tropical
terrestrial ecosystems (4, 9, 11). P deposition to the Amazon
from African dust has been estimated using remote sensing and
models (8, 12, 13); however, P deposition associated with the
long-range transport of nondust aerosol has not been measured.

The chemical composition of aerosols affects the solubility of
P, which determines its bioavailability and how readily P is uti-
lized by primary producers. In the ocean, soluble P (SP) is rap-
idly used and removed by marine organisms (14). In terrestrial
environments, the residence time of P in soil is longer, facili-
tating the transformation of insoluble P into more bioavailable
forms (9). African dust is thought to be the largest contributor of
P to the Amazon and TAO (15), but its solubility is low (16-20).
While P in dust can be transformed into more soluble forms via
reactions with acids (20, 21), the importance of this process
during transport is debated (19, 22, 23). In contrast, P in aerosols
from biomass burning (BB) and fossil fuel combustion are more
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soluble and could be a more important source of SP transported to
the TAO (15, 18, 23-25). Due to the buoyancy of smoke plumes,
BB aerosols can be emitted directly into the free troposphere and
the particles are typically smaller in size than dust increasing the
atmospheric lifetime of BB during transport (26, 27).

The source and solubility of P that impacts the Amazon and
TAO changes due to the seasonal migration of the Intertropical
Convergence Zone (ITCZ) and seasonality of BB in Africa (28,
29). During the boreal winter and spring (December to April),
African dust is the main aerosol transported to these ecosystems
when the ITCZ is largely south of the equator (1, 5, 8, 12, 15).
BB from the Sahel south of the Sahara can be cotransported with
dust (3, 28, 30, 31) and potentially provides additional P to the
Amazon and TAO in boreal winter and spring. During the boreal
fall (September to November), the ITCZ is located at ~5° to 10°N,
inhibiting African dust transport to South America (5, 32). There
are few measurements of P over the TAO, but the measurements
that exist suggest that both total P (TP) and SP can be elevated in
fall (22, 33). BB from southern Africa has been speculated to
reach South America and the TAO during this season (28, 34-36);
however, the ability of African BB to supply TP and SP to the
Amazon and the TAO has not been investigated.

Significance

Phosphorus (P) deposition from aerosols can stimulate primary
productivity in P-depleted marine and terrestrial ecosystems. We
tested the hypothesis that African dust fertilizes the Amazon
Basin and Tropical Atlantic Ocean (TAO) by measuring wind-
borne dust, P, and soluble P in samples collected at a coastal site
on the northeastern edge of the Amazon. Using satellite data
and models, we identified a previously underestimated source of
soluble P: biomass burning aerosol transported from southern
Africa that can supply P to the Amazon, TAO, and Southern
Ocean. Because P associated with biomass burning emissions is
more soluble than P in transported dust, biomass burning
aerosols immediately impact P cycling and primary production,
especially in marine ecosystems like the TAO.
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Fig. 1. Data are shown from spring only. A shows the dust concentration
and percentage of SP in the Top and concentrations of TP and SP in the
Bottom. Error bars for P measurements show one SD. B shows the correlation
between dust and TP (Top), dust and SP (Middle), and percentage of soluble
P and dust (Bottom). C shows HYSPLIT frequency plots of air mass back
trajectories at 1,000 m initiated every 6 h from February 1 to March 31, 2016.

Here we present year-long measurements of P in aerosols
transported to South America. Samples were collected in Cay-
enne, French Guiana (4.92°N, 52.31°W) at a site located on the
northeastern part of the Amazon and coast of the TAO (SI Ap-
pendix, Fig. S1). We focus our analysis during boreal spring and
fall 2016 to characterize the seasonal differences in the amount
and solubility of P transported to Cayenne. A chemical transport
model was used to estimate the contribution of African BB and
dust to P deposition. Our results indicate that African BB is a
significant source of P deposited to the Amazon and TAO, with
further implications for oceans in the Southern Hemisphere.

Results

Contributions of P from African Dust to Cayenne in Spring. We first
discuss P measurements during the spring (February to April)
when African dust is at a maximum (5, 6). African dust measured
at Cayenne in winter and spring is comparable in magnitude to
dust measured in Barbados in summer (37). The daily average
concentration of particulate matter with an aerodynamic
diameter <10 pm (PMj,) is also highest in boreal winter and
spring when it is correlated with dust (+* = 0.86; SI Appendix, Fig.
S2), suggesting that dust dominates the aerosol burden in Cay-
enne in spring. To investigate the supply of P from dust, we
compared the temporal variability of dust, total P, and SP con-
centrations as well as the percent of P that is soluble (Fig. 14).
The average TP concentration in spring was 66 ng m—> and
ranged from 17 to 188 ng m™>. TP was correlated with dust (Fig.
1 B, Top), suggesting that dust is the main source of TP in spring.
African soils contain up to 940 ppm of P (13, 16); however, we
measured a higher average TP concentration of 1,080 ppm (S
Appendix, Fig. S34). Using scanning electron microscopy (SEM),
dust and BB were observed on filters collected in spring (SI Ap-
pendix, Fig. S4). Furthermore, the filter color of samples collected
during spring was often gray-brown, indicating the presence of

20f6 | www.pnas.org/cgi/doi/10.1073/pnas.1906091116

dust and black carbon (BC) from BB (SI Appendix, Fig. S5). This
evidence indicates that African BB was cotransported with dust,
which is supported by previous studies (28, 30, 38) and is the likely
aerosol source that increases TP in our samples above levels
previously measured in Saharan soils. Air mass back trajectory
(BT) analysis (Fig. 1C) confirms that air masses passed over the
Sahara and the Sahel where BB is active, providing evidence that
BB contributed to our observed TP.

Dust and SP were positively correlated (Fig. 1 B, Middle); how-
ever, the percent of P that is soluble decreased with increasing dust
(Fig. 1 B, Bottom). We focus on quantifiable values of SP in Fig.
1B and show a similar correlation between dust and SP containing
points below the limit of quantification (LOQ) in SI Appendix, Fig.
S3B. For events when dust mass concentrations were >50 ug m™>,
the average solubility of P in dust was just 5%. Atmospheric
processing of dust could increase P solubility during transport (20,
21); however, changes in SP concentrations, which ranged from 2
to 14 ng m™, were often out of phase with major dust events,
suggesting that another source is a more important contributor of
SP than dust. Because BB contains highly soluble P (22, 25, 39),
the cotransport of BB to South America likely explains the uni-
form SP concentrations even on days with low dust.

In April 2016, we measured a marked decrease of SP, which is
likely due to a decrease in the fire frequency in the Sahel (SI Ap-
pendix, Fig. S6) and is consistent with fire activity observed in other
years (40, 41). This explains why little SP was measured despite high
dust transport to Cayenne in April. This discordance further con-
firms the role of BB in supplying SP to South America in spring.

An Additional Supply of P from Southern African BB in Fall. Despite
low dust mass concentrations, TP and SP concentrations were
unexpectedly high in boreal fall. Fig. 24 shows low dust mass
concentrations (e.g., 5-10 ug m™), but high TP concentrations that
ranged from 15 to 154 ng m > with an average TP concentration of
46 ng m~>, similar to spring. TP was not correlated with dust
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Fig. 2. Data are shown for fall only. A shows the dust concentration and
percentage of SP in the Top and concentrations of TP and SP in the Bottom.
Error bars for P measurements show one SD. B shows the correlation between
TP and dust (Top), dust and SP (Middle), and percentage of soluble P and dust
(Bottom). C shows HYSPLIT frequency plots of air mass back trajectories at
1,000 m initiated every 6 h from September 1 to October 31, 2016.
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during fall (Fig. 2 B, Top). Starting on August 1, PM;, was con-
sistently greater than dust (SI Appendix, Fig. S2), suggesting that
the aerosol mass in fall is dominated by sources other than dust.
The low dust transport, presence of nondust aerosol, and lack of
correlation between dust and TP suggest African dust is not the
major source of P during fall. In fact, using a TP concentration of
1,080 ppm for dust, only 17% of TP can be explained by dust in
fall. The SP concentrations in fall ranged from 3 to 10 ng m™ with
an average concentration of 6 ng m™, the same average in spring.
SP was not correlated with dust (Fig. 2 B, Middle), and the average
P solubility in fall was 15%, which is twice as soluble as the P
measured in spring. Furthermore, the solubility of P decreased as
dust increased (Fig. 2 B, Bottom). These factors suggest that dust is
not the main source of SP in fall.

There are several lines of evidence that suggest southern Af-
rican BB is the source of P in fall. First, SEM images show BB
aerosol on multiple collection days in September (SI Appendix,
Fig. S7). Second, the filter color during fall was always gray (S/
Appendix, Fig. S8), which is indicative of BC from BB. Third, air
mass BT analysis showed that air masses originated from Africa
south of the equator (Fig. 2C). Widespread BB in southern
Africa occurs in boreal summer and fall (41) and can be trans-
ported across the Atlantic Ocean above the marine boundary
layer (MBL) due to strong upper-level zonal winds from the
southern African easterly jet (S-AEJ) (36, 42-46). Transport of
this BB can occur as far north as 5°N, the latitude of Cayenne
(28). Consistent with our findings, previous cruises in the At-
lantic have measured increased TP and/or SP when air masses
originated from southern Africa in fall (47-49).

To confirm that P measured in Cayenne in fall originated from
southern African BB as opposed to Amazonian BB, which is also
widespread in fall, we used the aerosol subtype product from the
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation

Table 1.

2.39
-51.31

-15.90

-3.72 .
-52.61 -53.93 -55.26

of Cayenne.

(CALIPSO) and air mass BT analysis to investigate vertical profiles
of BB across the Atlantic Ocean. Fig. 34 shows a representative
13-d air mass BT initialized on September 28, 2016 at 1,000 m. Fig.
3 B-D show vertical profiles of aerosol types measured by CALIPSO,
and the boxes shown in these figures indicate the location of
the CALIPSO pass that intersects the air mass BT in Fig. 34. Fig.
3B shows an elevated smoke plume (in black) observed close to
Africa that is decoupled from the MBL and intersects the altitude
of the BT. The CALIPSO pass in Fig. 3C also clearly shows an
elevated smoke layer. The altitude of the smoke shown in the
CALIPSO pass in Fig. 3C is corroborated by BC concentrations
measured above the MBL on Ascension Island (50). Fig. 3D shows
a CALIPSO pass close to Cayenne when the air mass BT was
initiated. While the smoke layer originating from Africa has started
to become entrained in the MBL, it clearly reaches Cayenne. Ex-
tended CALIPSO analysis in fall 2016 revealed that southern Af-
rican BB is routinely transported across the Atlantic to Cayenne.
Because P associated with BB is more soluble than P associated
with dust (25, 48), our observations of higher P solubility in fall are
best explained by southern African BB, which has also been shown
to be transported to the interior of the Amazon (34, 35).

Smoke from southern Africa was detected in CALIPSO
every day in fall when there were measurable quantities of SP in
Cayenne. However, on days in October when SP was below the
LOQ (SI Appendix, Fig. S9), smoke plumes were weaker, less dis-
tinct, and not observed over Cayenne (SI Appendix, Fig. S10). In
November, SP was below the LOQ likely due to changes in air mass
BT patterns (ST Appendix, Fig. S11) and a decrease in wind intensity
of the S-AEJ (36) and fire activity in southern Africa. The simul-
taneous decrease of SP measured in Cayenne and southern African
BB in November further supports our finding that southern African
BB is the dominant source of SP in September and October.

Annual average deposition of P (in teragrams per year) into the

Amazon Basin associated with the long-range transport of African dust and BB

P from African dust

P from African BB*

Study T sp TP sp
Yu et al., 2015 (8) 0.022 — — —
This study MERRA-2 0.011 0.0006 — —
This study CAM 0.011-0.033  0.0006-0.002  0.0026-0.052  0.0004-0.008

EARTH, ATMOSPHERIC,
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For CAM, the lower estimate is from the untuned model, while the high values come from
tuning the model to match the observations from this study
*Only from long-range transported African BB; excludes Amazonian BB sources.
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Discussion and Implications

Estimates of P Deposition to the Amazon and Implications for
Ecosystem Productivity. Observations made in Cayenne can be
used to extrapolate P deposition from transported African aerosols
to the Amazon Basin for two reasons: 1) air mass forward tra-
jectory analysis shows easterly trade winds that pass over Cayenne
typically continue into the interior of the Amazon (SI Appendix,
Fig. S12), and 2) Cayenne only receives transported African
aerosol and background sea spray aerosol (6). Therefore, obser-
vations from Cayenne provide key insights into the magnitude of
African aerosol transported to the Amazon Basin downwind of
Cayenne. We estimated P deposition to the Amazon from African
dust and BB using two modeling approaches: The Modern-Era
Retrospective Analysis for Research and Applications, Version 2
(MERRA-2) and the Community Atmosphere Model (CAM)
(51), which has been previously used to provide P deposition es-
timates to the Amazon (3). We discuss both models and their
caveats in Materials and Methods and SI Appendix. The MERRA-2
surface aerosol product has been shown to provide accurate dust
estimates during dust events in the United States (52), Barbados
(53, 54), and in this study in Cayenne (SI Appendix, Fig. S13). The
MERRA-2 deposition product yielded a rate of 4 g m™ y~* for
Cayenne, similar to dust input rates to the ocean measured in
nearby sediment cores (55). MERRA-2 performed poorly for
African BB due to the presence of BB emissions from within the
Amazon, which are indistinguishable from African BB. Therefore,
the CAM model was used to estimate P deposition from African
BB and dust using simulations that separate the sources of P from
different aerosols (56). Both modeling approaches estimate annual
TP deposition to the Amazon from dust to range from 0.011 to
0.033 Tg TPy~ (Table 1). In comparison, anallysis by Yu et al. (8)
estimated a deposition of 0.006-0.037 Tg TPy from African dust,
similar to our estimates. We provide an estimate of SP deposition
from African dust to the Amazon (0.0006-0.002 Tg SP y™").

We also provide an estimated range for regional deposition of
P to the Amazon from African BB in Table 1. To calculate the
upper estimate, we tuned CAM to our P observations (SI Ap-
pendix, Fig. S14) by increasing dust by a factor of 2 and black
carbon from BB by a factor of 60, which is similar to the factor
used in Ward et al. (57). The lower estimate provided is not tuned
to our observations but to observations in source regions (57, 58).
CAM estimated the TP deposition from African BB to be up to
0.052 Tg TP y~! with SP accounting for up to 0.008 Tg SP y*
(Table 1), suggesting that African BB contributes up to the same
amount of TP to the Amazon as dust. Fig. 4 uses the tuned CAM
model to compare the fraction of TP (Fig. 44) and SP (Fig. 4B)
regionally deposited to the Amazon from African dust and both
northern and southern African BB for each month in a year; BB
emissions from within the Amazon were excluded. Fig. 4B shows
that African BB contributes the majority of SP to the Amazon
throughout the year, except in May, when BB emissions from the
Sahel and fire activity in southern Africa are both low (41). Al-
though TP deposition is dominated by dust from March to July,
African BB is a considerable source of TP even when dust is high
likely due to fire activity in the Sahel (41). In fall, southern African
BB deposits nearly all of the TP and SP to the Amazon.

We estimate that African dust contributes between 11 and 35 g
TP ha~! y~! while African BB supplies up to 55 g TP ha™! y~! to
the Amazon. Previous studies of Amazon soil nutrient balance
suggest that 8 to 40 g TP ha™' y! are leached from the soil by rain
(7). Thus, our estimated deposition rates—and potentially African
BB deposition rates alone—could compensate such losses. Bio-
geochemical models currently consider all BB emissions to result
in a net loss of P from the Amazon (3, 23), but our work shows that
African BB emissions constitute a net influx of P. Biogeochemical
models should account for seasonal P inputs from African BB to
understand the net effect of BB on P budgets in the Amazon.
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Fig. 4. Model predictions from CAM to estimate P deposition to the Am-
azon that were tuned to the observations to estimate the fraction of (A) TP
deposition and (B) SP deposition from African dust (solid red line) and BB
from both northern and southern Africa (dotted blue line). African dust and
combustion sources of P are only included to investigate the relative im-
portance of each transported source.

SP Deposition to the Ocean and Implications for Global Marine
Primary Production. Primary production in the Atlantic Ocean is
thought to be nitrogen (N) limited in low latitudes (10, 59). N
can be supplied by N-fixing diazotrophs that require a supply of
SP and soluble Fe to produce bioavailable N (10). Dust has been
assumed to be the dominant source of these nutrients to the
TAO year round (10, 15); however, the impact of dust on marine
productivity is debated. In fact, a recent study (19) showed that
dust has to be extensively acidified to supply SP to seawater,
suggesting that other aerosol sources may be more important for
providing soluble nutrients.

To investigate whether BB could be a more important supply
of SP than dust, we used the CAM model to estimate global SP
deposition from all aerosol sources (Fig. 5) and the SP contri-
bution from BB and combustion alone (Fig. 6). Because SP
deposition on a global scale was estimated as opposed to a re-
gional scale, we included the global inventory of combustion and
BB sources (including BB from the Amazon) (57, 60, 61), and we
did not tune the model to our South American observations.

Fig. 5 shows CAM model estimates of global SP deposition
from all aerosol sources. We estimate a deposition rate of be-
tween 0.1 and 1.0 mg SP m~2 y~! over the TAO. The percent
contribution of SP from BB and combustion alone to the global
oceans was further investigated for each season (Fig. 6). BB
accounts for 20% to 60% of SP deposition to the TAO in the
summer (June-August; JJA) and fall (September—November;
SON) and can be transported as far north as ~5°N, consistent
with the northward seasonal migration of the ITCZ (28, 62) and
shipboard observations (18, 63). In summer, the influence of
African BB is clear from Fig. 6; however, we note that the in-
fluence of BB on the TAO is a little less clear in fall from this
modeling approach likely due to the strong signal from Ama-
zonian BB and because CAM was not tuned to our observations.
Our work also suggests that cotransported African BB from the
Sahel may be an important source of SP during dust season in
spring. Indeed, Fig. 6 shows a small protrusion of SP deposition
from BB in spring (March-May; MAM) off the western coast of
Africa, which is likely combustion in the Sahel.

Figs. 5 and 6 also extend estimates of SP deposition to the
global oceans. Fig. 5 shows year-round SP deposition to the In-
dian and Southern Oceans of up to 0.5 mg SP m™2 y~! from
southern Africa, which Fig. 6 clearly shows is due to combustion
and BB. Notably, because we did not tune CAM to our obser-
vations, the importance of BB and combustion for SP deposition
to the oceans is likely underestimated and is more important
than Fig. 6 suggests. Even without tuning CAM to our obser-
vations, our results suggest that African BB is more important
than dust for alleviating P limitations in parts of the TAO, Indian
Ocean, and Southern Ocean particularly in the summer and fall.
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Fig. 5. SP deposition (in milligrams per square meter per year) from all
aerosol sources during boreal winter (DJF), spring (MAM), summer (JJA),
and fall (SON). Model predictions in this figure were not tuned to our
observations.

Conclusions

We show that while African dust supplies the majority of the TP
to the Amazon and TAO in spring, the P in dust is poorly soluble
even after undergoing transport, which suggests that atmospheric
processing played a limited role in increasing P solubility. Our
results show that African BB supplies up to the same magnitude
of TP to the Amazon as dust and is the dominant source of SP
supplied to the Amazon. We further show that BB and com-
bustion play a larger role than dust in the deposition of SP to the
TAO, Indian Ocean, and Southern Ocean in summer and fall.
Because BB emissions also contain soluble Fe (56, 64, 65),
southern African BB likely has major implications for primary
production in these ocean basins.

Climate change will likely affect the magnitude of aerosol de-
position that relieves P-limitations (2, 9). While climate change is
expected to influence African dust transport by a number of fac-
tors including precipitation, land use changes, and wind intensity
(66-68), BB sources are more complicated. Industrial combustion
emissions will likely increase due to an increasing human population,
especially in Africa (25, 69). In the Sahel, land use conversion
from frequently burned savanna to agricultural land is suppressing
wildfire (70). In southern Africa wildfires are very sensitive to
precipitation in the previous year (71). This work shows that
changes in BB will strongly impact SP deposition to the Amazon,
the TAO, and oceans in the Southern Hemisphere, with feedbacks
on primary production and the drawdown of atmospheric carbon
dioxide. Biogeochemical models should include current estimates of
African BB and account for future changes in BB when predicting
how primary production and the global carbon cycle will be affected
by climate change. Finally, it should be noted that few aerosol
measurements exist in South America. More extensive measure-
ments across South America are needed to fully quantify our con-
clusions and to track changes in aerosol deposition over time.

Materials and Methods

Sample Collection, Dust Mass Quantification. Aerosols were collected on
Whatman 41 cellulose filters using a high-volume sampler. Dust was mea-
sured using the method of Prospero et al. (72) by rinsing a portion of each
filter with Milli-Q water to remove solubles, ashing samples to 500 °C, and
quantifying the ash gravimetrically.
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Fig. 6. Percentage of SP deposited from global BB sources only in boreal
winter (DJF), spring (MAM), summer (JJA), and fall (SON). Model predictions
in this figure were not tuned to our observations.

Air Mass Histories and Remote Sensing Products. Air mass back trajectories
were computed using the Hybrid Single Particle Lagrangian Integrated
Trajectory (HYSPLIT) model (73, 74). Aerosol speciation products were
obtained from the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP)
satellite using version 4.10.

Analysis of Total Phosphorus and Soluble Reactive Phosphorus (SRP). SRP (SP)
was quantified by leaching a portion of an unwashed filter in a buffered (pH = 7)
aqueous solution and using the colorimetric method (75, 76). TP was determined
by ashing and acid digesting an unwashed filter portion followed by analysis on
a Neptune Multicollector Inductively Coupled Plasma Mass Spectrometer.

Deposition Estimates. MERRA-2 was used to determine wet and dry dust
deposition. CAM was used to estimate P deposition from dust and BB. For both
modeling approaches, the deposition of TP and SP from dust was estimated
using our values of 1,080 ppm of P in dust with a solubility of 5%. The deposition of
TP and SP from BB was estimated with CAM using previously published P:BC ratios
(3) and our value for P solubility of 15% as model input. The version of CAM used
in this study was used to predict Fe deposition from different African sources,
which were then converted to P using an Fe/BC ratio and the P and Fe content of
dust. For the Amazon estimates shown in Table 1 and Fig. 4, CAM was forced to
match the P observations at Cayenne by increasing dust by a factor of 2 and BC
concentrations emitted by BB by 60-fold. We note that previously published work
also increased BC concentrations manyfold to match observations (57). This sub-
stantial enhancement in BC concentrations is likely due to a combination of fac-
tors including an underprediction of the BB inventory (57), higher P contributions
from BB than predicted by currently used P:BC ratios, or inadequate transport
from Africa in the model. For global estimates shown in Figs. 5 and 6, the global
inventory of dust and BB was included, which was not tuned to our observations.
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