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Abstract Carbonyl sulfide (COS or OCS), the most abundant sulfur-containing gas in the troposphere,
has recently emerged as a potentially important atmospheric tracer for the carbon cycle. Atmospheric
inverse modeling studies may be able to use existing tower, airborne, and satellite observations of
COS to infer information about photosynthesis. However, such analysis relies on gridded anthropogenic
COS source estimates that are largely based on industry activity data from over three decades ago. Here
we use updated emission factor data and industry activity data to develop a gridded inventory with a
0.1° resolution for the U.S. domain. The inventory includes the primary anthropogenic COS sources
including direct emissions from the coal and aluminum industries as well as indirect sources from
industrial carbon disulfide emissions. Compared to the previously published inventory, we found that the
total anthropogenic source (direct and indirect) is 47% smaller. Using this new gridded inventory to drive
the Sulfur Transport and Deposition Model/Weather Research and Forecasting atmospheric transport
model, we found that the anthropogenic contribution to COS variation in the troposphere is small
relative to the biosphere influence, which is encouraging for carbon cycle applications in this region.
Additional anthropogenic sectors with highly uncertain emission factors require further

field measurements.

1. Introduction

A key component of climate change modeling is characterizing the carbon-climate feedbacks driven by
photosynthesis and respiration carbon fluxes [Cox et al, 2000; Friedlingstein et al., 2006, 2014; Field et al.,
2007]. Regional-scale measurements of these carbon fluxes are needed to improve the understanding of
these highly uncertain feedback mechanisms. While observations of atmospheric CO, concentrations pro-
vide regional information on the net effect of photosynthesis and respiration surface fluxes [Gurney et al,
2002], additional approaches are needed to partition the regional net flux into the photosynthesis and
respiration components for a better understanding of carbon-climate feedbacks.

An emerging approach to address this critical knowledge gap is the use of atmospheric carbonyl sulfide
(COS or OCS) as a regional-scale tracer of photosynthetic CO, uptake (gross primary production, GPP)
[Montzka et al., 2007; Campbell et al., 2008]. Terrestrial plant uptake has been shown to be the dominant
continental sink for atmospheric COS in a process that is closely related to GPP [Campbell et al., 2008].
Unlike CO,, COS does not have a large ecosystem source at regional scales. The dominant global COS
source is in the tropical oceans [Berry et al., 2013; Launois et al, 2014; Glatthor et al., 2015; Kuai et al.,
2015]. Because the dominant COS sink is strongly related to GPP and the dominant COS source is spatially
separated from the sink, there is potential for inverse analysis of atmospheric COS observations to be used
to infer regional GPP. While some canopy-scale observations have detected ecosystem COS sources at
times, regional-scale evidence demonstrates that COS plant uptake dominates the variation observed in
large-scale continental measurements [Montzka et al, 2007; Campbell et al, 2008; Berry et al, 2013;
Maseyk et al, 2014; Commane et al, 2015; Wang et al, 2016; Whelan et al, 2016]. Furthermore, while
the relationship between plant uptake of COS and CO, is not constant, it is relatively stable across a range
of plant species and environmental conditions [Sandoval-Soto et al,, 2005; Stimler et al,, 2010; Hilton et al.,
2015] and its variability exerts relatively small impact on regional-scale variations in atmospheric COS
[Hilton et al.,, 2015].
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Table 1. Summary of Direct and Indirect COS Anthropogenic Sources  The use of regional COS analysis to
(GgSyF1 as COS) in the US. From This Study and From the

a infer GPP relies on comprehensive
Kettle Inventory’

budgets of COS sources and sinks.

Source This Study Kettle Aside from the plant sink and ocean
Rayon CS, 0 23+12 source, the most significant budget
Other industry CS; 6.1+3.1 NA component is anthropogenic activity
950 M, el al 205 prow
Aluminum, direct COS 13+04 77+39  atmospheric COS models that inter-
Pigment industry pret atmospheric COS measurements
Carbon black, direct COS 0.1-8.5 NA rely on the gridded anthropogenic
C_arbon. black, indirect via CS, 0.2-20.5 NA COS inventory from Kettle et al.
Sule'uorzr’e(igiztr;OS 99£NA NA [2002]. The Kettle inventory is a spa-
Direct COS 03-12.7 0.2+0.1 tial extrapolation of a global estimate
Indirect via CS, 0.1-5.5 NA that was largely derived from indus-
Pulp and paper try activity data that are at least three
Direct COS 152+ NA NA decades old and emission factors
Tir:‘sd”ed via €5 99£NA NA that are known to be biased
Direct COS 20+NA NA [Campbell et al., 2015]. An updated
Indirect via CS, 23+NA NA gridded inventory is now needed to
Total 56-103 34+17 support COS tracer applications.

®NA indicates not available. Ranges for pigment and sulfur recovery A recent inventory of anthropogenic
assume emission sources are controlled for minimum and uncontrolled

for maximum. COS sources provided an update to

the global source  estimate

[Campbell et al, 2015]. While the
inventory methods from that study were used for global, historical estimates, these methods could also
be applied to create spatially explicit, gridded inventories that are needed for regional COS analysis.
Here we use these methods to develop a gridded inventory for U.S. emissions. The U.S. domain is of par-
ticular interest because it has the highest density of COS air-monitoring data globally which makes regio-
nal COS analysis possible in this domain [Montzka et al, 2007]. We also used our new estimate of gridded
anthropogenic fluxes as input to a regional atmospheric chemical transport model to explore the signifi-
cance of using our revised inventory in comparison to the Kettle inventory. Our gridded 0.1° resolution
inventory is available online to the scientific community at faculty.ucmerced.edu/ecampbell3/.

2. Methods
2.1. Inventory Modeling

An inventory of U.S. anthropogenic COS sources was constructed on a 0.1° resolution grid for the three domi-
nant sectors previously considered in the Kettle inventory: direct emissions from coal combustion, direct
emissions from aluminum smelting, and indirect sources from anthropogenic carbon disulfide (CS,) emis-
sions that are rapidly oxidized to COS in the atmosphere. We also created estimates for additional sectors that
were either minor sources in the Kettle inventory or not included in the Kettle inventory. These additional sec-
tors include the pigment industry, transportation, sulfur recovery, and the pulp and paper industry. Emissions
are estimated as the product of emission factors (mass of emission per unit of anthropogenic activity) and
spatially and temporally explicit U.S. industry activity data. Detailed emission factor information is provided
in Campbell et al. [2015] which was shown to provide a significant update to the outdated emission factor
data applied in the Kettle inventory. The emission factor approach from Campbell et al. [2015] is also summar-
ized below along with the data we used for U.S. industry activity. The approach from the Kettle inventory is
also briefly summarized below for comparison. Our results for each of the COS sources described below are
summarized in Table 1.

2.1.1. Coal Combustion

The inventory for the U.S. coal COS source utilizes updated emission factors from the NASA North American
Intercontinental Chemical Transport Experiment airborne campaign which revealed that the single emission
factor observation used in Kettle inventory underestimated the U.S. emission factor by a factor of 2 [Blake
et al, 2008]. Based on these data, we used an emission factor of 2.3 and 6.0 ppt COS ppm CO, ™' for the
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western and eastern U.S. regions, respectively. The industry activity was based on year 2010 national coal
consumption [U.S. Energy Information Administration, 2002]. We extrapolated this estimate in space and time
using U.S. county-level coal consumption data which was available for the year 2002 [U.S. Energy Information
Administration, 2003]. The industry activity approach for the Kettle inventory was based on the global coal
consumption in year 1989 which was spatially and temporally extrapolated using year 1985, 1° gridded
anthropogenic SO, emissions.

2.1.2. Aluminum Smelting

Aluminum emission factors have been examined for a range of anode sulfur contents, emission control
devices, and smelter types (prebake and Séderberg smelters) [Kimmerle and Noel, 1997; Utne et al., 1998].
Based on these data, we used an emission factor of 0.9kgStAl™". The Kettle inventory overestimated the
emission factor due to a failure to account for smelter types and the nonlinear relationship between anode
sulfur content and COS emissions [Utne et al, 1998]. Industry activity was based on individual production
levels at each aluminum smelter in the U.S. for the year 2012 [U.S. Geological Survey, 2013]. The industry activ-
ity approach for the Kettle inventory was based on the global aluminum production in year 1995 which was
spatially and temporally extrapolated using year 1985, 1° gridded anthropogenic SO, emissions.

2.1.3. Industrial CS, Applications

Global anthropogenic COS sources are dominated by the indirect source from industrial CS, emissions during
rayon production [Campbell et al., 2015; Lee and Brimblecombe, 2016]. The emitted CS, is rapidly oxidized to
COS in the troposphere [Chin and Davis, 1993]. Atmospheric oxidation of CS, to COS has a molar conversion
efficiency that has been estimated at 81% [Chin and Davis, 1993]. In the U.S., rayon production has been in
decline beginning in the 1970s and is no longer produced in the U.S. using CS, [Blagoev and Funada, 2011;
Fiber Economics Bureau, 2014]. Thus, our inventory does not include rayon emissions. However, the Kettle
inventory includes a large rayon source in the U.S. because it uses a map of 1985 anthropogenic SO, emis-
sions to scale the global rayon source in space.

Atmospheric emissions of CS, have also been reported from other applications including solvents and agri-
culture chemicals [Peyton et al., 1978; Blagoev and Funada, 2011]. To estimate emissions from these cate-
gories, we use year 2010 U.S. consumption data of 20,000t for agriculture CS, application and 21,000t for
other industrial applications [Blagoev and Funada, 2011]. We assume that 80% of these applications are
emitted to the atmosphere as CS, due to high volatility and low solubility in water [Chin and Davis, 1993].
We scale the industrial applications in space using EDGAR v4.2 fields of N,O, and we scale the agriculture
applications using a U.S. cropland map [Joint Research Centre, 2011; Zumkehr and Campbell, 2013]. We use
the 81% molar conversion efficiency for this and all subsequent CS, emissions.

Future measurements may allow the differentiation of emission factors by crop types, management, and
industrial applications. Nevertheless, our approach using U.S. specific data represents an advance over the
Kettle inventory which relied on an estimate of the year 1984 consumption of rayon which was spatially
and temporally extrapolated using year 1985, 1° gridded anthropogenic SO, emissions.

2.1.4. Additional Sources

We also estimated sources from sectors that were either minor sources in the Kettle budget or not included in
that inventory. The pigment industry has been noted to emit COS and CS, but was not accounted for in the
Kettle inventory. First, we consider the pigment carbon black which includes sources of COS and CS,. For car-
bon black, emission factors are 10 kg COS/Mg carbon black produced and 30 kg CS,/Mg carbon black pro-
duced [Blake et al, 2004]. Previous work noted that the emission factors were reduced by 99% in
developed countries due to emission controls [Blake et al., 2004]. We used the controlled and uncontrolled
emission factors to provide a lower and upper range for this source. As with all indirect emissions from
CS,, we use the molar oxidation conversion factor from CS, to COS of 81%. For industry activity, we use
the U.S. carbon black production in year 2015 of 1.6 x 10°t. Production of the pigment TiO, results in direct
emissions of COS. We used an emission factor of 14.7g COS/kg of TiO, produced [Blake et al, 2004] and
industry activity of 1.26 x 10°t for the year 2014 [Lee and Brimblecombe, 2016].

For the tire wear source, which were not included in the Kettle inventory, we base our emission factor on the
following emission data: 1.17 kg rubber emitted/car/yr, 1.6% sulfur content of rubber, and a fraction of sulfur
emissions as 43% COS and 57% CS, [Pos and Berresheim, 1993; Lee and Brimblecombe, 2016]. The activity for
the tire emissions is 253 million U.S. vehicles.
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Next we estimate emissions from sulfur recovery which were a minor source in the Kettle inventory. Previous
inventories have used an emission factor of 0.263 g COS/kg sulfur recovered [Peyton et al.,, 1978]. However,
more recent reports for U.S. emission factors are 0.1 and 2.7 g COS/kg sulfur recovered for controlled and
uncontrolled emissions, respectively, and 0.02 and 0.9 g CS,/kg sulfur recovered for controlled and uncon-
trolled emissions, respectively. Here we use the more recent estimates to provide a lower and upper limit.
For industry activity, we used 9x 10°t of sulfur recovery in the year 2014 [Apodaca, 2015].

The global pulp and paper industry has previously been reported to result in 97 Gg S-COS/yr and 79 Gg S-CS,/
yr [Lee and Brimblecombe, 2016]. Here we scale this global estimate to U.S. emissions based on the ratio of U.S.
to global pulp and paper production (16%). This sector was not included in the Kettle inventory.

At present, the emission factor data are highly speculative for these additional sources. Thus, we included
estimates of these sources in our national estimates for comparison with other sectors (Table 1), but we
did not include these additional sources in our gridded inventory.

2.2. Atmospheric Transport Modeling

We used our gridded anthropogenic COS inventories and the Kettle inventory as input to the Sulfur Transport
and Deposition Model (STEM) with meteorological fields provided by the Weather Research and Forecasting
version 2.2 (WRF) model. STEM has been widely applied for analysis of anthropogenic and biosphere
exchange with the atmosphere for U.S. and other regional domains [Carmichael et al., 1991; Campbell et al.,
2007; D'Allura et al., 2011; Kulkarni et al., 2014]. STEM is a mesoscale, 3-D Eulerian model that employs a finite
difference numerical approach to solve the chemical continuity equation. The WRF and STEM simulations
were completed for July and August in year 2008 and have a 60 km horizontal resolution and 22 vertical
levels. While simulations of the seasonal cycle are an important next step for future studies, the growing sea-
son focus of the present study is useful because this is the time period when the COS tracer approach is most
likely to yield information on GPP due to the peak growing season conditions. For comparison, we simulated
the atmospheric signature of the biosphere using plant uptake fluxes from Hilton et al. [2015].

3. Results

The U.S. total emissions for our estimates and the Kettle inventory are compared in Table 1. In total, U.S.
anthropogenic sources of COS, from our estimate, are only 47% of the Kettle source estimate when only com-
paring the sources considered in the Kettle inventory. Including other sectors leads to a much larger anthro-
pogenic source, but these sectors are based on speculative emission factors.

While the coal source of COS was found to be similar in magnitude in both estimates, the updated inventory
for the aluminum source of COS is 17% of the previous estimates and the industrial CS, inventory is 52% of
the previous estimates. The difference for aluminum is due to the recent data showing a lower emission fac-
tor, and the difference for CS, is largely due to the decline of the U.S. rayon industry.

The large difference in the industrial CS, source estimate between our inventory and the Kettle inventory is
due to the fact that the Kettle inventory is based on a global, gridded SO, emission inventory as a proxy for
spatial scaling. While SO, emissions may be useful as a preliminary spatial scalar of anthropogenic activity,
they lead to large regional biases in COS emission estimates because industrial CS, activity has a very differ-
ent spatial distribution than SO, emissions. The Kettle emissions result in a large CS; source in the U.S., but
our industry-specific data show that CS, emissions in the U.S. are relatively small.

The differences between the detailed U.S. inventory in this study and the preliminary U.S. inventory from
Campbell et al. [2015] are due to several factors. First, this study estimates a smaller coal source because of
differentiation of emission factors for the eastern and western U.S. while Campbell et al. [2015] assumed a
constant national emission factor. Second, we estimate a larger CS, source because we account for CS,
use reported from multiple industrial and agriculture activities while Campbell et al. [2015] focused on rayon.
Finally, we find a smaller aluminum source because we assume that smelters are evenly split between pre-
bake and Séderberg smelters while Campbell et al. [2015] assumed that the fraction was the same as the glo-
bal mix (90% of smelter are prebake).

Emission factors and industry activity data both contribute to the differences found in our estimate compared
to previous work. Our coal emissions are based on a larger set of measurements that suggest an emission
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factor that is double the rate assumed in the Kettle inventory [Blake et al., 2008]. Furthermore, our spatial scal-
ing is based on recent U.S. county-level coal consumption data which provides a different level of industry
activity than assumed by the SO, scaling approach in the Kettle inventory. Although new industry activity data
and emissions factors are used here, our estimate for the magnitude of the coal source remains similar to that
of the Kettle inventory because the increased emissions factor offsets the smaller industry activity totals.

We also report large sources for other sectors that were either minor sources in the Kettle inventory or not
included (Table 1). When considering these additional sources that are not taken into account in the Kettle
inventory, our estimate becomes approximately 1.6 to 3 times larger than that of the Kettle inventory.
These additional sources could be much larger than the CS, application, coal, and aluminum sources
described above. However, these estimates are based on highly uncertain emission factor data in comparison
to the emission factor data available for CS, application, coal, and aluminum. The upper limit for the total
source of 103Gg S yr~' seems particularly unlikely given the persistent drawdown of tropospheric COS
observed over North America during the growing season [Campbell et al., 2008].

While the national-scale source from coal is similar for our estimate and the Kettle inventory, the spatial var-
iation is different. Comparison of emissions maps (Figure 1, left) shows a high concentration of the coal COS
source in the northeast for the Kettle inventory but a more widely dispersed source in our estimates. The sur-
face enhancement in atmospheric COS mixing ratios in the boundary layer as simulated by STEM/WRF can
exceed 10 ppt in regions of anthropogenic activity (Figure 1, right).

While the Kettle inventory uses the same spatial scaling for all anthropogenic sectors, our emissions inventory
uses industry-specific data for the spatial scaling of each sector. The aluminum emissions were based on alu-
minum smelting data, giving the locations of individual smelting plants, and are mapped in Figure 2. The
revised aluminum estimates also show a wider distribution than the Kettle emissions, particularly in the mid-
continent, southeast, Texas, and northwest.

Figure 3 shows the spatial distribution of anthropogenic CS, sources of anthropogenic COS for industrial
activity (top) and agriculture applications (bottom). While Kettle used the same spatial scaling based on
SO, for all sources of COS (Kettle CS, distribution would look identical to Figure 1 (top row, left), but with a
higher magnitude), our distribution based on cropland locations and industrial N,O provide a much different
spatial representation of the CS, sector. We find emissions of modest magnitude spread over large areas for
sources derived from agriculture CS, applications and intense hot spots from the industrial CS, sector.

The wider spatial distribution in our estimates includes regions where NOAA air-monitoring sites are located
(Figures 1-3) [Montzka et al., 2007]. In particular, our emissions show that some NOAA sites are located within
hot spots of anthropogenic COS emissions. While the plant uptake is generally thought to be much larger
than the anthropogenic source [Campbell et al., 2008], these revised emission estimates may be useful in
reducing the uncertainty associated with interpreting COS observations at the colocated sites.

To this end, we examined the influence of anthropogenic emissions on the NOAA sites that are located within
regional hot spots of anthropogenic emissions. STEM/WRF simulations that were driven by only plant uptake
show a widely dispersed and large sink that is characteristic of ecosystem fluxes (Figure 4). These simulations
are consistent with the large plant uptake flux in the Corn Belt region and the prevailing westerly winds that
result in low tropospheric COS mixing ratios in the midcontinent region. We extracted simulated vertical pro-
files from three STEM/WRF runs that were driven by plant uptake, our coal emissions, and the Kettle coal
emissions (Figure 5). We considered the NOAA airborne monitoring stations at HIL (Homer, lllinois, USA)
and SCA (Charleston, South Carolina, USA).

Two metrics are compared at these monitoring sites: average July concentrations and the day of peak anthro-
pogenic mixing ratio enhancement. The peak anthropogenic day is solely due to transport because there is
no daily variation in our anthropogenic emission estimate. Even in these emission hot spots, the simulated
biosphere signal is roughly twice the anthropogenic signal for the average monthly vertical profile
(Figure 5, top row). This is due to the large spatial extent of the biosphere sink. However, for the peak anthro-
pogenic day, the anthropogenic signal can be similar in magnitude to the biosphere signal on that same day
(Figure 5, bottom row). This suggests that the climatological analysis of air-monitoring data will be less sen-
sitive to anthropogenic emissions, but a more time-resolved analysis of these data will benefit from the
improved emissions inventory presented here.
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Figure 1. Comparison of coal COS sources from the Kettle inventory (top row) and our updated inventory (middle row) and the ratio of the surface
enhancements from the previous COS inventory and from this study (bottom). Modeled surface enhancement is for July and August (mean difference
between free troposphere and boundary layer mixing ratios).

4, Discussion

Here we have demonstrated that updated anthropogenic COS inventories based on more recent industrial
activity and emissions factors data have significantly different magnitudes and spatial distributions than pre-
vious inventories that were based on a smaller subset of emission factor data and outdated industry activity
data. Additionally, we demonstrated that the simulated impact on the atmosphere based on this new anthro-
pogenic COS emissions inventory can have very different spatial signatures (including the coal sector, despite
similar magnitudes) (Figure 1). It follows that interpretations of observations using these simulations could be
similarly biased, especially if the study area or observation site is near anthropogenic COS hot spots.

The analysis presented here includes multiple sources of uncertainty in the emission estimates and the trans-
port simulations. The uncertainty in the atmospheric transport simulations is a result of uncertain
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Figure 2. COS flux from aluminum smelting in the US for 2012 (circles) and locations of NOAA air-monitoring sites that
measure atmospheric COS from airborne platforms in the U.S. (diamonds). Additional surface sites not shown here but

are presented in Montzka et al. [2007].
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Figure 4. CASA GFED-3 (left) plant COS flux and the average (right) plant COS tropospheric vertical drawdown for July and August 2008, simulated by the STEM/WRF
atmospheric transport model with CASA GFED-3 COS plant surface fluxes.

meteorological data, numerical integration, and subgrid processes. STEM model accuracy has been
demonstrated in previous work [Campbell et al, 2007, 2008; D’Allura et al, 2011]. However, these
uncertainties will have similar effects on all three transport simulations presented in this paper and should
not influence our conclusions regarding the comparison of the three cases.

The main sources of uncertainty for the magnitude of the anthropogenic emissions depend largely on the
emissions factors. The industry activity data, on the other hand, are likely to be more accurate due to the eco-
nomic importance of tracking these data. The estimated uncertainty for the magnitudes of anthropogenic
COS sources from this study are £30% for aluminum and +40% for coal. CS, uncertainty is represented here
as an upper estimate due to source data limitations where the lower estimate is based on an emissions factor
previously applied to a study in Japan that used an emissions factor that was half of what was used here
[Blake et al., 2004].

The spatial pattern of the coal COS source is based on county-level coal consumption data which is sufficient
for regional analysis that is the intended application of this inventory. However, for applications that require
higher resolution, the point locations of these power plants could be used to create a finer emissions grid.

HIL SCA

—— Coal Source - Kettle
~—— Coal Source - This Study
- =~ Plant Sink

July Average
Altitude (km)

Peak Day
Altitude (km)

20 30 500 10 20 30 40 50
COS (ppt) COS (ppt)

Figure 5. A comparison of the average coal COS surface enhancement from this study (blue), from the Kettle inventory
(grey) and plant COS drawdown from CASA GFED-3 (dashed green line) at the Homer, lllinois (HIL), and Charleston,
South Carolina (SCA), NOAA airborne monitoring sites for July and August and the peak coal COS enhancement day. The x
axis shows the absolute value of the vertical profile (both the biosphere drawdown and anthropogenic enhancement are
plotted as positive on the x axis) to allow for visual comparison of the biosphere and anthropogenic activity.
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Aluminum emissions are more easily resolved spatially as there are relatively few smelting plants and the
location and production share are known for each [U.S. Geological Survey, 2013].

The atmospheric transport simulations presented in this study were conducted to examine the sensitivity of
atmospheric COS profiles to the industrial source relative to the biosphere sink. Such simulations may also
provide a framework for a top-down assessment of our anthropogenic inventory when combined with atmo-
spheric measurements. This top-down assessment would require atmospheric observations for times (e.g.,
winter) and locations (e.g., western U.S.) in which the industrial source may be dominant and the biosphere
sink relatively small. Future field campaigns would be needed to support such an assessment. However, even
without a top-down assessment, our updated inventory provides a significant advance over the previous
Kettle inventory which was based on a small subset of the published emission factor data and outdated
industry activity data.
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