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Abstract: A short-duration but high-impact air quality event occurred on 28 November 2018 along the
Rio Grande Valley of New Mexico. This fire occurred outside the typical wildfire season, and greatly
impacted the air quality in Socorro, NM, and the surroundings. Measurements were taken during
the event using an aerosol light scattering technique (integrating nephelometer) and a particulate
mass concentration monitor (DustTrak PM optical monitor). The instruments sampled the ambient
air during the event on the campus of the New Mexico Institute of Mining and Technology in Socorro,
New Mexico. The peak values on a 5-min basis of light scattering and the PM mass concentration
reached 470 Mm−1 and 270 µg/m3, respectively. We examined the meteorological context of the event
using local meteorological data and back trajectories using the NOAA HYSPLIT model to determine
atmospheric transport and possible sources. Several fires, both prescribed and wildfires, occurred
in the region including a prescribed burn at Bosque del Apache National Wildlife Refuge (17 km
south-southeast of the receptor site). The data suggest that the prescribed burn at Bosque del Apache
was the dominant contributor due to transport evidence and the event’s narrow spatiotemporal
extent. The increasing importance of restoring ecosystem function using prescribed fire in wildland
fire management will likely lead to more frequent air quality impacts and sets up policy tradeoffs
that require a balance between these public goals. This study examines the evidence of the effects of a
prescribed fire in a protected wildland area impacting the air quality in a nearby populated area.
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1. Introduction

The smoke emitted by regional wildland fires has a significant and growing impact
on air quality in the western United States [1,2], including New Mexico. Smoke aerosol
emissions also have significant interplay with climate forcing [3]. For decades, western
U.S. wildfires have increased in size and severity due to changes in climate, such as longer,
hotter summers extending the fire season [4]. The climate change impacts on landscapes,
including extreme weather events, have important implications for the biosphere in terms
of both natural landscapes and agricultural production [5]. Besides climatic changes,
increasing human activities, including both fire ignition and fire suppression activities, are
also important drivers of changes to fire ecology [6].

The aerosols from wildfires and prescribed fires contain both particulate matter and
gas-phase pollutants [7]. PM2.5 (particulate matter with a diameter less than 2.5 µm)
penetrates deeply into human lungs, causing substantial pulmonary damage [8]. PM2.5
also reduces atmospheric visibility by scattering and absorbing solar radiation [9]. The
latter effects also make PM2.5 relevant to regional climate changes [10].

To mitigate wildfire impacts, various forest management techniques have been imple-
mented including prescribed burning. Prescribed burns are meant to reduce hazardous
fuel loads, restore woodlands, and manage landscapes [11]. An integrated, multi-tool
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fire management strategy helps reduce the severity of impacts from accelerating uncon-
trolled wildfires [6]. It also has the potential to mitigate air quality impacts by choosing
where, when, how, and how large the prescribed fire, as contrasted with uncontrolled
wildfire events. However, it should be noted that prescribed fire is only one key tool in a
multi-pronged approach to wildfire response; thisalso includes adapting to accelerating
fire impacts including air pollution [12].

Though the number of wildfires in the United States has declined since 1980, the
fire size and acreage burned with each fire have increased dramatically (www.nifc.gov,
accessed 19 December 2022). The gas-phase species that are emitted in biomass burning
include carbon monoxide (CO), carbon dioxide (CO2), nitrogen oxides (NOx), and volatile
organic compounds (VOCs) [13,14]. The particulate matter emitted includes both organic
carbon and elemental carbon [15]. Depending on the fuel combusted, significant primary
emissions of inorganic ions may occur as well [14,16]. The emissions of both trace gases
and particulate matter can influence the overall solar radiation that is absorbed by the
Earth’s atmosphere during fire events. This can cause climate effects within the region
including suppression of clouds and precipitation, enhancements of climate anomalies, and
a reduction in surface temperature [17].

In the last two decades, the importance of prescribed burning has become clear for
ecosystem management as well as air quality impacts [1,12,18]. Both public and firefighter
health exposures to biomass smoke are significant during such events [8,19]. Though often
difficult to measure due to their discrete nature, prescribed fires have impacted air quality
in rural and urban areas around the world [20,21]. Furthermore, the emissions of trace gases
and aerosols differ from wildfire to prescribed fire [22–24]. Plume scale and dilution affect
prescribed fires more than large wildfire plumes [25]. Since some aging effects happen
relatively quickly (10 min scale) [26], the ~1.5 h age of the plume measured in this work
would be considered neither very aged nor entirely fresh. The ambient measurements
of prescribed fires in southern California showed no increase in organic aerosol over a
similar timescale (5 h), indicating that volatilization due to plume dilution is at least as
important as secondary organic aerosol formation [27]. Select studies have shown emission
reductions in fine particles in prescribed burning vs. wildfires [22]. Thus, it is important to
elucidate the properties and effects of prescribed burning as it will continue to be a critical
management tool.

The overall intent of this case study is to diagnose the observed smoke properties
during a haze event outside the normal wildfire season on 28 November 2018. Regional
data available for PM2.5 composition, surrounding monitoring station data, air mass back
trajectories, and wind speed and direction were examined in making the case for a brief
though large magnitude air quality episode from prescribed burning. This finding was
unexpected, and other such events could easily be attributed to wildfires or other sources.
With emerging climatic changes, the tradeoffs between needed ecosystem and air quality
management will become more acute.

2. Materials and Methods

Measurements were taken on 28 November 2018 at the New Mexico Institute of Mining
and Technology campus in Socorro, New Mexico (located at 34.067◦ N 106.907◦ W at an
elevation of 1396 m ASL) (Figure 1). The map also shows the Interagency Monitoring of
Protected Visual Environments (IMPROVE) air quality monitoring station (BOAP1) at the
nearby Bosque del Apache Wilderness Area (BOAP) where data was also examined. The
Rio Grande Valley runs north–south through New Mexico, passing through the study area
as shown with the green strip in Figure 1.

www.nifc.gov
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Figure 1. Location of the Bosque del Apache National Wilderness National Wildlife Refuge is de-
marcated in green in relation to the receptor site in Socorro, NM (Google Earth). The Interagency 
Monitoring of Protected Visual Environments (IMPROVE) air quality monitoring station (BOAP1) 
is also shown. 

Continuous ambient sampling allowed the sampling of smoke events in real time 
with in situ measurements. A single wavelength nephelometer (Ecotech Inc., Melbourne, 
Australia, M9003, 520 nm) and a DustTrak Aerosol Monitor (TSI, Inc., Shoreview, MN 
USA, Model 8520) both sampled ambient air. The two instruments, located indoors, sam-
pled at a height of 2 m above ground level from a common 1.25 cm stainless steel inlet 
line. The sampling occurred through stainless steel or other electrically conductive sam-
pling lines with a minimum of bends to reduce particle loss. No external size cut on the 
inlet was possible, which was a non-ideality. 

We measured 5 min particulate matter mass concentrations (PM2.5 in µg/m3) with a 
DustTrak Aerosol Monitor. The monitor sampled at a flow rate of 1.7 actual lpm as veri-
fied with an external flow standard (BIOS, DryCal). The instrument used a 780 nm laser 
diode and a fixed-angle 90° light scattering sensor to yield an approximate PM2.5 with a 
range of 1 µg/m3 to 100 mg/m3 and a 24 h zero stability of ±1 µg/m3. Though the DustTrak 
instrument lacked a relative humidity (RH) measurement, with the low ambient RH and 
the warmer-than-ambient conditions in the instrument, this measurement was function-
ally ‘dry’ as well. The DustTrak sampled through an internal 2.5 µm-sized cut at the in-
strument inlet. This possibly biased the PM mass measurement lower thoughe we lacked 
direct sizing data on this smoke. From many past measurements in the lab and the field, 
fresh to even moderately aged biomass smoke was dominated by particles with diameters 
(Dp) ~0.1–0.4 µm [7,28,29], and the smoke sampled 17 km downwind was largely devoid 
of large ash particles. Thus, the measurements were functionally comparable and repre-
sentative of PM2.5 properties given the sub-micrometer fresh biomass smoke. The Dust-
Trak was recently factory calibrated ~6 months before sampling using the default Arizona 
Test Dust (ATD). The smoke sampled here undoubtedly differed from ATD due to its size 
and optical properties, introducing an uncertainty. Zero adjustments (using HEPA fil-
tered air) conducted both before and after the measurements were used to constrain low 
PM2.5 instrument response < 1 µg/m3. 

Simultaneously, we measured 5 min average particle light scattering coefficients (σsp) 
in inverse megameters (Mm−1) with a single-wavelength integrating nephelometer (Eco-
tech Inc., M9003 at 520 nm). Here, we report measurements of σsp while the total light 
extinction (σext) coefficient results from the sum of light scattering and absorption by par-
ticles and gases (Equation (1)): 

Figure 1. Location of the Bosque del Apache National Wilderness National Wildlife Refuge is
demarcated in green in relation to the receptor site in Socorro, NM (Google Earth). The Interagency
Monitoring of Protected Visual Environments (IMPROVE) air quality monitoring station (BOAP1) is
also shown.

Continuous ambient sampling allowed the sampling of smoke events in real time
with in situ measurements. A single wavelength nephelometer (Ecotech Inc., Melbourne,
Australia, M9003, 520 nm) and a DustTrak Aerosol Monitor (TSI, Inc., Shoreview, MN USA,
Model 8520) both sampled ambient air. The two instruments, located indoors, sampled at
a height of 2 m above ground level from a common 1.25 cm stainless steel inlet line. The
sampling occurred through stainless steel or other electrically conductive sampling lines
with a minimum of bends to reduce particle loss. No external size cut on the inlet was
possible, which was a non-ideality.

We measured 5 min particulate matter mass concentrations (PM2.5 in µg/m3) with
a DustTrak Aerosol Monitor. The monitor sampled at a flow rate of 1.7 actual lpm as
verified with an external flow standard (BIOS, DryCal). The instrument used a 780 nm
laser diode and a fixed-angle 90◦ light scattering sensor to yield an approximate PM2.5
with a range of 1 µg/m3 to 100 mg/m3 and a 24 h zero stability of ±1 µg/m3. Though the
DustTrak instrument lacked a relative humidity (RH) measurement, with the low ambient
RH and the warmer-than-ambient conditions in the instrument, this measurement was
functionally ‘dry’ as well. The DustTrak sampled through an internal 2.5 µm-sized cut at
the instrument inlet. This possibly biased the PM mass measurement lower thoughe we
lacked direct sizing data on this smoke. From many past measurements in the lab and
the field, fresh to even moderately aged biomass smoke was dominated by particles with
diameters (Dp) ~0.1–0.4 µm [7,28,29], and the smoke sampled 17 km downwind was largely
devoid of large ash particles. Thus, the measurements were functionally comparable and
representative of PM2.5 properties given the sub-micrometer fresh biomass smoke. The
DustTrak was recently factory calibrated ~6 months before sampling using the default
Arizona Test Dust (ATD). The smoke sampled here undoubtedly differed from ATD due to
its size and optical properties, introducing an uncertainty. Zero adjustments (using HEPA
filtered air) conducted both before and after the measurements were used to constrain low
PM2.5 instrument response < 1 µg/m3.

Simultaneously, we measured 5 min average particle light scattering coefficients
(σsp) in inverse megameters (Mm−1) with a single-wavelength integrating nephelometer
(Ecotech Inc., M9003 at 520 nm). Here, we report measurements of σsp while the total
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light extinction (σext) coefficient results from the sum of light scattering and absorption by
particles and gases (Equation (1)):

σext = σsp + σsg + σap+ σag, (1)

where σext is the total extinction coefficient, σsg is the light scattering due to gases (Rayleigh
scattering), σap is the particle light absorption coefficient, and σag is the gas light absorption
coefficient. To calculate visual range Lv, or the distance from which an object could be
distinguished from the background, the Koschmieder relationship was used, defined as
3.9/σext. Visual range estimated from σsp measured here was an upper bound as it ignores
contributions from light absorption and extinction by gases.

The nephelometer sampled at a flow rate of 5 lpm. All data here, including light
scattering values, were reported at as-measured conditions with no corrections to STP
or for truncation losses (measuring slightly less than the entire phase function). Neph-
elometer truncation corrections require the size distribution or wavelength dependence
to be available; here, these corrections were suspected to be quite small (~5% or less) for
the fresh biomass smoke sizes sampled [30]. The nephelometer internal relative humidity
(RH) over the event was RH = 12.6% ± 1.6% (mean and standard deviation during the
sampling period) and was measured with a standard capacitive-type RH sensor (Vaisala,
uncertainty ± 2%). This indicated approximately ‘dry’ conditions and negligible minimal
influence of ambient RH changes (which was 19.5% ± 3.8% during the event). No addi-
tional size discrimination, sample drying, heating, filtering, denuding, or other treatment
of the sample stream occurred.

The nephelometer used a 2-point calibration with CO2 as a span gas and HEPA-
filtered air as a zero gas (Table 1). The zero air was double filtered, including a HEPA
filter to eliminate all particles. For a span gas, σsg was measured for which the value
for CO2 was known to be 34.87 Mm−1 at 520 nm and Standard Temperature (T) and
Pressure (P) (STP, 273.15 K, 1013.2 hPa). The nephelometer subtracted Rayleigh scattering
(scattering by gases) using real-time T and P measurements to provide particulate light
scattering coefficients, σsp. The measurements were collected during a month-long student
measurement lab with instrument calibration checks (no calibration adjustments required)
performed approximately 2 weeks before, during the week of the event, and 2 weeks after
the event (Table 1).

Table 1. Nephelometer calibration data (n = 3 calibrations before, during, and after the sampling
period).

Calibration
Gas

Expected
Response (Mm−1) *

Measured
Mean (Mm−1) *

Measured Standard
Deviation (Mm−1)

CO2 Span Gas 19.4 18.6 3.2
Particle-Free Air 0 0.0 −0.4

* Rayleigh scattering was subtracted from these values, and measurements were adjusted to local pressure and
temperature (855 hPa, 295 K), both to match the nephelometer output.

The Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT), devel-
oped by the National Oceanic and Atmospheric Administration (NOAA), is a useful tool
for back trajectory modeling based on meteorological data [31]. The model simulations
were conducted through the Real-Time Environmental Applications and Display System
(READY) [32]. The meteorological data selected in HYSPLIT runs came from the NOAA
High-Resolution Rapid Refresh data on a 3 km grid. Back trajectories assumed isentropic
vertical motion. Air masses arriving at the sampling site at a receptor height of 500 m above
ground level were tracked backward for 24 h. Six arrival times were simulated during the
event on 28 November 2018 at 23:00 UTC (16:00 MST) and on each hour back until 17:00
UTC (11:00 MST). During each of the six hours of the smoke event, the back trajectory
thus traced the air mass movement backwards in time for 24 h. A local National Weather
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Service meteorological station, located at 34.066◦ N 106.901◦ W (~0.5 km from the sampling
site) provided winds data (20 min) for analysis of wind direction and speed to further
investigate transport.

3. Results and Discussion

The measured particulate light scattering coefficients ranged from ~0 < σsp < 470 Mm−1

(5 min averages) as seen in Figure 2. The smoke event began at approximately 11:30 MST
(local standard time) and persisted until 15:30 MST. From the measured values, the visual
range (Lv) was calculated using the Koschmieder relationship (ignoring the absorption
terms). At the peak of the episode, a greatly reduced visual range of 8.3 km was observed.
At background aerosol conditions close to σsp = 0 Mm−1, the visual range was calculated
to be 260 km due to Rayleigh scattering only.
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Figure 2. Time Series of ‘dry’ light scattering coefficient (σsp) (520 nm) and ‘dry’ PM2.5 mass concen-
tration (µg/m3).

The measured particulate concentration ranged from ~0 to 270 µg/m3 as measured
with the DustTrak and shown in Figure 2. The 24 h PM2.5 National Ambient Air Quality
standard, 8 times lower than the peak concentration observed, was also indicated at
35 µg/m3 for gauging severity. Even with the short nature of the event, the 24 h PM2.5
concentration on 28 November 2018 reached 26.6 µg/m3.

The two instruments tracked very closely during the event as indicated by the high
R2 = 0.97 (Figure 3). This was not surprising given that both methods rely on a light
scattering method (although integrated vs. narrow, fixed angle). Taking the slope of the
relationship between σsp and [PM2.5] traditionally gives an estimate of the mass scattering
efficiency when combining optical and gravimetric methods. A typical range of 2 m2/g
to 6 m2/g for scattering efficiency was observed for ambient aerosols [33]. The slope here,
1.7 m2/g, was likely an underestimate of the true efficiency in part due to the DustTrak cal-
ibration with respirable ATD and the possible differences in particle transmission efficiency.
The mass scattering efficiency decreases for larger diameters but also for very small sizes
due to the decreasing scattering efficiency Qsp. For example, a dry organic aerosol provides
a mass scattering of ~1.7 m2/g for an effective Dp ~150 nm [34]. Although this was not an
unreasonable assumption for ~1.5-h-old smoke [29], we refrained from quantifying this as
a ‘true’ scattering efficiency.
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Figure 3. Relationship between light scattering of particles (1/m) and PM mass concentration (g/m3),
which gives a slope in m2/g.

A summary attribution of the reconstructed light extinction from the 24-h filter sample
PM2.5 chemical composition on 28 November 2018 at the nearby Bosque del Apache
IMPROVE monitoring station (BOAP1) is shown in Figure 4 using standard IMPROVE
protocols. The IMPROVE monitor was located at the northwest corner of BOAP and
thus was approximately in the flow path from BOAP to the receptor site in Socorro, NM.
The apportionment of light extinction was based on the composition analysis of 24-h filter
samples using the IMPROVE algorithms. The dominance of organic carbon and secondarily
elemental carbon is typical of ambient biomass smoke [7].
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Figure 4. PM2.5 contributions to reconstructed light extinction at the Bosque del Apache IMPROVE
site (BOAP1) on 28 November 2018.

To understand the general mesoscale atmospheric transport and meteorological con-
text, the back trajectory analysis was run using the NOAA HYSPLIT model (Figure 5).
During the smoke event, the sky was cloud-free, the ambient dry-bulb temperature was
14 ± 2 ◦C (range from 10 to 16 ◦C), and the pressure was steady at 851 hPa according to
the National Weather Service data. The model featured six back trajectories at one-hour
intervals arriving at the receptor height of 500 m AGL in Socorro during the event from
11:00 to 16:00 MST as indicated (Figure 5). The meteorological transport featured westerlies
with a complex flow around the topography of the Magdalena Mountains to the west of
Socorro. The diversion to the south and flow up the Rio Grande Valley was observed in
all the trajectories during this period. All modeled back trajectories during the episode
showed proximity to BOAP1.
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Figure 5. NOAA HYSPLIT model 24-h back trajectories arriving at the receptor site during the smoke
episode on 28 November 2018 (six trajectories arriving on the hour from 11:00 to 16:00 MST).

The local wind data for 28 November 2018 are shown in Figures 6 and 7 as a wind rose
and time series, respectively. During the hours of the haze event in Socorro, local winds
shifted to south-southeast beginning around 10:00 MST. and lasting until approximately
18:00 MST. The transport time was ~1.5 h from the IMPROVE site to the receptor site at
windspeeds during the late morning. Elevated PM2.5 concentrations followed the wind
pattern quite closely, also showing that the local nature of the event was likely confined to
the Rio Grande Valley where diurnal up- versus down-slope atmospheric flow occurred.
Prescribed fire impacts may be identified due to their discrete, often single-day nature, and
isolated due to their small-scale and targeted nature as suggested in other studies [35].
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Figure 6. Socorro, New Mexico, surface wind speed and direction data (20 min averages) plotted as a
wind rose over 24 h on 28 November 2018.

The Interagency Monitoring Network for Protected Visual Environments (IMPROVE)
is a nationwide network of remote sites for monitoring regional aerosol properties in
scenic areas including national parks and monuments [36]. We examined IMPROVE data
from six sites in NM, and four each in Arizona and Colorado (Table 2). Since none of
the sites were co-located with the Socorro site, rather than a quantitative comparison, the
data were included to demonstrate the extent and regionality of the event. The nearest
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station to Socorro was Bosque del Apache (BOAP1), the site of the prescribed fire, and was
approximately 17 km south of the Socorro site. BOAP1 and Socorro are both located in the
Rio Grande Valley, extending from north to south, from the Rocky Mountains of southern
Colorado to the border with Mexico in the south.
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Table 2. IMPROVE monitoring site reconstructed 24 h average light extinction coefficient (Mm−1)
data for 28 November 2018. NA = Data Not Available.

Class 1
Area

IMPROVE
Monitor

Light
Extinction (Mm−1)

Bandelier Wilderness BAND1 15.8
Bosque del Apache Wilderness BOAP1 76.9

Carlsbad Caverns National Park GUMO1 33.9
Gila Wilderness GICL1 13.8

Salt Creek Wilderness SACR1 22.0
San Pedro Parks Wilderness SAPE1 10.5

Wheeler Peak Wilderness WHPE1 NA
White Mountain Wilderness WHIT1 14.5

Petrified Forest National Park (AZ) PEFO1 16.8
Mount Baldy (AZ) BALD1 10.8
Chiricahua (AZ) CHIR1 16.7

Grand Canyon National Park (AZ) GRCA2 15.2
Shamrock Mine (CO) SHMI1 14.2

Mesa Verde National Park (CO) MESA1 13.2
Weminuche Wilderness (CO) WEMI1 13.4
Great Sand Dunes N.M. (CO) GRSA1 13.6

The surrounding IMPROVE monitoring site data on 28 November 2018 were exam-
ined to assess the regional impact of the event. The measured 24-h σep is shown in Table 2
(light extinction coefficients were reconstructed from filter measurements using standard
IMPROVE calculations). At the surrounding IMPROVE sites on 28 November 2018, re-
constructed light extinction by particles is <34 Mm−1 at all sites (and apart from Carlsbad,
σep < 22 Mm−1), typical of winter background conditions. Bosque del Apache was the
lone site in the region that showed such elevated light extinction. The evidence from the
surrounding sites on 28 November 2018 showed that the smoke in Socorro was likely
driven by more proximate sources.

At BOAP1, the event on 28 November 2018 was the second largest concentration mea-
sured with IMPROVE during the year. The reconstructed 24-h PM2.5 mass concentration
was approximately 50 µg/m3 and the composition was dominated by organic carbon with
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a secondary contribution from elemental carbon as discussed earlier. Such is typical with
ambient smoke events [7]. The reconstructed 24-h σext during this event was approximately
77 Mm−1 at BOAP1. As expected, due to dilution, particle loss, plus no light absorption
information, the downwind Socorro 24-h σsp of 42 Mm−1 was somewhat lower although
of a similar magnitude. The confinement of the event to the Rio Grande Valley provided
evidence that it was more likely the local prescribed fire occurring that day rather than
a regional-scale event. As a frame of reference, during the Whitewater-Baldy wildfire in
2012 (not shown), smoke impacts persisted for approximately 2 weeks with maximum 24-h
reconstructed light extinction of 300 Mm−1 at BOAP1.

The NASA Fire Information for Resource Management System (FIRMS) integrates
multiple satellite detections of fire hotspots. As viewed with NASA FIRMS, the fire activity
was light during this period and included a few small fires in Arizona and New Mexico
(Figure 8). The prescribed fire detected at BOAP1 between Albuquerque and White Sands
Missile Range is shown in the circle south of the sampling site. Although outside the
wildfire season, contributions from the other small, indicated fires in Arizona and New
Mexico were possible (small red fire detection areas west of the sampling site in Figure 8).
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4. Conclusions

A large magnitude, though short in duration, haze event with severely degraded air
quality occurred in Socorro, NM, on the afternoon of 28 November 2018. With the data
presented herein, the impacts were driven primarily by biomass smoke from a prescribed
burn located at the Bosque del Apache near San Antonio, New Mexico. The smoke caused
a significant reduction in visibility, with an extinction coefficient (5 min average) maximum
of 470 Mm−1 limiting the visual range to <8.3 km at the event peak. No other nearby
monitoring stations showed a clear perturbation above the typically observed background
concentrations. Local wind data, paired with back trajectory analysis using the NOAA
HYSPLIT model, suggested transport impacts from a proximate prescribed fire at Bosque
del Apache wildlife refuge. The increasing use of prescribed burning, a vital tool for
ecosystem management to mitigate wildfire frequency and severity, will likely lead to more
conflicts between the former goals and maintaining air quality. This study represents only
a snapshot of the magnitude of the unintended impacts of a discrete prescribed fire event.
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Further measurements and modeling are required to fully understand the extensive and
intensive properties of prescribed fire smoke and how impacts can be mitigated.
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