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Final Report from University of Washington to Environment Canada
for Contract KA168-3-1069/01-SS "Airborne Sampling of Smoke
Emissions from the Controlled Burn of 20,000 Gallons of Crude

Oil During Open Ocean Conditions Off Newfoundland"

Ronald J. Ferek, John L. Ross and Peter V. Hobbs
Cloud and Aerosol Research Group, Department of Atmospheric Sciences,

University of Washington, Seattle, Washington 98195

SUMMARY

The University of Washington's Cloud and Aerosol Research (CAR) Group utilized its
Convair C-131A instrumented research aircraft to obtain measurements of the smoke
emissions from the Newfoundland Offshore Burn Experiment (NOBE) on 12 August
1993. A variety of techniques were employed to measure the chemical and physical
properties of the gases and particles emitted by the two burns. The objectives were to
measure the concentrations of the major combustion products in the smoke plumes, to
determine the emission factors (grams of pollutant emitted per kilogram of fuel burned) for
a variety of species, to measure the total fluxes of emissions for comparison with the
known release rate of the fuel, and to use airborne lidar measurements to characterize the
distributions and mass concentration of smoke particles in the plumes.

The major findings of this study are:

+ Following ignition, the plumes from the two NOBE burns rose quickly above the
marine boundary layer and remained above the surface for at least 40 km downwind

(and likely for a much greater distances).



Smoke concentrations in the plumes diluted rapidly. Total particle mass
concentrations were over 1000 ig m—3 near the fires, and 150 pg m-3 between 8

and 16 km downwind of the fires (at plume level, 500 m MSL).

Airborne lidar measurements of plume cross-sections at several distances
downwind, and along the length of the plumes, revealed a high degree of spatial
variability in smoke concentrations. Contours of mass concentrations derived from
the lidar measurements agreed well with the airborne in siru measurements taken

during aircraft penetrations of the plumes.

Emission factors were derived by the carbon balance method for the major
combustion products of the fire. The emission factor for particles with diameters

< 3.5 um was measured to be ~87 g kg~!. This is in reasonable agreement with
the smoke yields derived from measurements aboard the NIST blimp, and with our
measurements from oil pool fires in Kuwait. The emission factors allow
comparison with other sources of pollution; in situ burning of oil on the ocean
produces emissions comparable to, or lower than, many common sources of air

pollution.

The smoke particles were composed of ~76% elemental carbon (soot), ~8% organic

carbon, and 16% was unidentified.

Fluxes of CO; calculated from in situ measurements of plume cross-sections were
used to estimate the average burn rate of the oil. The burn rate derived in this way

agreed with the measured release rate of the oil to within ~ 30%.



1. BACKGROUND

A potentially promising method for removing oil from the ocean is controlled in situ
burning!-2. The most attractive aspect of in situ burning is that is can remove large
quantities of oil relatively quickly and cheaply3. One of the biggest potential drawbacks is
air pollution.

In common with any hydrocarbon fuel, the primary combustion products of crude oil
are CO7 and water. In addition, a dense black smoke plume, composed primarily of
elemental carbon (soot), is produced. The smoke particles may contain or be coated with
condensed organic compounds, sulfates, or liquid water. Other gaseous pollutants
produced by the buming of oil are CO, NOy , SO», and a wide range of organic
compounds. Of particular concern are polycyclic aromatic hydrocarbons (PAHs), since
they are toxic. Many other volatile organic compounds (VOCs) are found in the vapor
phase in the smoke, but usually at lower concentrations than those measured above
evaporating (non-burning) oil spills. Secondary pollutants (such as O3) may also be
produced by chemical reactions within the smoke plume.

Health concerns arise due to the potentially high concentrations of respirable particles
and toxic gases from the burning of oil. For example, PAHs are carcinogenic#5.
Laboratory studies® of oil burning indicate that the combustion may consume some of the
PAHs, but it may also produce some of the more toxic, higher molecular weight species.
The nature and concentrations of PAHs from oil fires burning under realistic field
conditions was one of the primary interests of the NOBE.

Smoke produced by the in sizu burning of crude oil will also affect atmospheric
visibility. In addition, since smoke generally contains high concentrations of cloud
condensation nuclei (CCN), it may affect the microstructure, and therefore the radiative
properties, of clouds with which it interacts”8. The effectiveness of elemental carbon

particles to act as CCN is probably initially low®, making them somewhat resistant to



scavenging by clouds and precipitation. However, as the smoke ages, the soot may
become coated with materials that enhance its cloud nucleation activity.

Lidar has been used since 1963 to measure the presence of atmospheric aerosols!0,
Not long after, lidar was used to study the smoke from power plants!!-12. The potential
for deriving quantitative information from lidar measurements was demonstrated by
Johnson and Uthe13. More recently lidar has been used to study arctic hazes!4 and forest
fires15. As part of the NOBE, we used an airborne lidar to measure the optical properties
of the smoke from the in situ burning of oil on the ocean, to derive the mass
concentrations and fluxes of smoke, and to map the vertical and horizontal extent of the

smoke plumes.

2. EXPERIMENTAL

2.1 Sampling and Instrumentation

All measurements in the smoke from the two NOBE burns reported here were obtained
aboard the University of Washington's (UW) Convair C-131A research aircraft. Most of
the time the aircraft flew back and forth across the width of the smoke plume at various
distances downwind. Several passes above and below the smoke were also made (above
for lidar images, below to sample any smoke near the surface). During each pass through
the smoke a 2.5 m3 polyethylene 'grab' bag aboard the aircraft was filled rapidly with air
containing the smoke. This allowed essentially point sampling of the smoke at various
locations. Subsequently, various filters and canisters aboard the aircraft were drawn from
the grab bag for later chemical analysis. A few times the aircraft flew downwind along the
lengths of the smoke plumes, both above and in the smoke, from ~1.5 to ~30 km from the
fires.

Particle size distributions in the smoke and in the ambient air were measured

continuously by two instruments mounted beneath the wing of the aircraft: a Particle



Measuring Systems (PMS) PCASP-100X, which sizes particles with diameters from 0.1
3.0 um, and a PMS FSSP-100 probe that measures particles from 2.0~50 pum diameter.

Measurements of the aerosol light extin
were provided by a 6.4 m long optical extinction cell aboard the aircraft that was fed
continuously by a ram air inlet. Measurements of the attenuation of a light beam by the

smoke in th

(¢}

cell provide the extinction coefficient. Concurrent measurements with an
integrating nephelometer provided the light scattering coefficient of the smoke. Subtraction
of the light scattering coefficient from the light extinction coefficient yields the light
absorption coefficient16-18,

Atmospheric trace gases that are ubiquitous and exist in relatively high concentrations,
such as COg, CO, and water vapor, were measured continuously aboard the aircraft. Trace
species, such as PAHs and volatile organic compounds (VOCs), were collected on
polyurethane filters (PUF) and in stainless steel canisters (SUMMA) for post-flight
analysis. A key measurement in the determination of smoke emission factors is the excess
(i.e., above ambient) concentration of CO; in the plume. To determine this we measured
CO7 with a Li-Cor Model 6262 CO; analyzer, which operates on the principle of
differential infrared (IR) absorption. Differential IR absorption was also used to measure
the absolute humidity of the air, using an Ophir Model IR-2000. Both of these instruments
have relatively fast response times, typically <1 s.

The mass concentrations of particles in the plumes were determined by pumping a
known volume of smoke from the grab bag through Teflon filters and measuring their
changes in weight. Pairs of filters were used; one filter in each pair was preceded by a
cyclone separator that allowed only particles <3.5 um diameter to reach the filter (PM 3.5),
and the other filter was preceded by a single impaction stage that removed particles >10 pm
diameter (PM 10). Subsequent tests of the inlet to the filters showed that it was relatively

inefficient for particles greater than 5 um. Therefore, the PM 10 results are not accurate



and we will confine our analysis to the sub-3.5 pum fraction, where most of the mass and
almost all of the number concentration of the smoke particles reside.

The concentrations of elemental and organic carbon in the aerosol particles were
determined on quartz filters, through which smoke from the grab bag had been pumped,
and analyzed using a thermal-optical techniquel®.

The lidar aboard the C-131A aircraft utilizes a downward pointing Neodymium-Y ttrium
Aluminum Gamet (Nd-YAG) laser. It is frequency doubled to operate simultaneously at
wavelengths of 0.532 and 1.064 um. The pulse repetition rate is 10 Hz, and the pulse
duration is 10 ns. The receiver is a 14" Cassagranian reflector telescope. The outgoing
laser beam is routed to the center of the telescope so that the transmitter and receiver are
coaxial. The detector for the visible wavelength channel is a photomultiplier tube, and for
the IR channel a silicon avalanche photodiode. Data from both channels first passes
through a linear pre-amplifier and then the signal is compressed by a logarithmic amplifier.
This signal is digitized at a rate of 20 MHz and recorded on Exabyte tape. Only data from
the green (A=0.532 um) channel will be discussed in this report. The digitization rate
gives a vertical resolution of 7.5 m. The pulse repetition rate of 10 Hz could yield a
horizontal resolution of ~8 m, depending on the speed of the aircraft. However, in most
cases 0.5-1 s averages were used to compensate for the effects of laser inhomogeneities
and any non-uniformities in the sea surface from which the laser beam was reflected. This
results in horizontal resolution of 40-80 m. Details of the lidar data analysis procedures are

given below.

2.2 Derivation of Optical Depths of the Smoke Plume from Lidar Measurements
When a pulse from the laser beam hits the ocean surface it produces a very bright
reflection. However, if the beam has passed through an intervening smoke layer the

strength of the reflection is reduced. If, after passing through clear air (Figure 1a), the
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intensity of the beam incident on the water is I, and the intensity of its reflected beam is I,

R=7 M

If the laser beam passes through an intervening smoke layer with optical depth &;
(where the subscript i designates a quantity associated with a specific averaged laser shot,
typically a 1 s average), and Iy and I3 are the intensities of the beam incident on top of the

smoke and emerging from the base of the smoke, respectively (Figure 1b)

I3 = I1exp (-9}) (2)
Also, from Figure 1b,

R= j—;’ 3)
and,

Is = Isexp (-8)) “4)
Hence, from (1)-(4),

exp (-260) = )

Figure 1c shows in schematic form the profiles of the returned light intensity for two
different laser pulses. The profile through clear air falls off inversely as the square of the
range (r), but the profile contains a large spike where the lidar beam hits the ocean. The
profile through the smoke layer also has a spike in the returned light intensity at the ocean
surface, however, it is reduced due to attenuation of the beam. The magnitudes of the two

spikes determines the ratio Is/I2 and hence 6; from Eqn. (5).



2.3 Derivation of Antenuated Backscatter Coefficient from Lidar Measurements

The attenuated backscatter coefficient of the smoke at range r was determined by
comparing the intensity of the returned lidar beam to that at the same range from clear air.
The difference between the returned intensities for the two sample profiles shown in Figure
1c is proportional to the ratio of the backscatter coefficients in the clear and smoky air. The
vertical distribution of the backscatter coefficient for clear air was determined from the
airborne in situ measurements of the total light-scattering coefficient. The ratio of
backscattering to total scattering in the Rayleigh region is 3/8m, and the backscatter-to-total
scattering ratio for the ambient aerosol was assumed to be 0.03520.21, The backscatter
coefficient for the background (calibration) air was 1.74 x 10-6 m~1 str—1. For each laser
pulse through the smoke, the attenuated backscatter coefficient at range r, B'(r);, was

calculated from the returned light intensity.

2.4 Determination of Extinction-to-Backscatter Ratio from Lidar Measurements

For each laser shot an average column attenuated backscatter coefficient, B}, and an

average column extinction coefficient, Geyx ; » can be defined by

surface
B (r )i dr
o _ aircraft(r=0)
B P surjj’ace ©)
dr
0

_ 5;
Oext; = surfizce @

fdr

aircraft (r=0)

These two quantities are average values for the entire column of air and smoke between the

aircraft and the ocean. The individual magnitudes of these two quantities are not average



values in the smoke because the column includes smoke-free air above and below the
smoke plume. It is the ratio of these two parameters that is of significance.

Figure 2 shows a sample scatter plot of <_Sex,l. versus B_l' Each pointin this plotisals
(10 shot) average. If we assume that the extinction and (unattenuated) backscatter are

related by an expression of the form
Gexr = CB ®

Then the attenuated backscatter coefficient would also obey this relationship at low values
of beam attenuation. Figure 2 suggests that provided Eext,- and B_l’ are not too large, they
are related linearly; for the straight line shown in Figure 2 the slope (C) is equal to 38 str.
As explained above, the attenuated backscatter coefficient, B’(r), is determined by
comparing the returned light intensity from the smoke to the returned light intensity from

clear air at the same range. Once B’(r) and C are known, the range-dependent extinction

coefficient Gy, (r) can be calculated from?2;

-1

1 A
Oexy; (r)=Bi(r) =—-2 [Bitr)ar )
it

2.5 Determination of Specific Extinction of Smoke

The specific extinction, Ae (units: m2 g-1), of the smoke is defined as the ratio of the
extinction coefficient (units: m—1) to the particulate mass concentration, p, (units: g m-3).
Teflon filters were used to determine the mass concentrations. Measurements from the
optical extinction cell were averaged over the times that the filters were exposed to the

smoke, to determine the extinction coefficient.

10
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2.6 Determination of Particulate Mass Distributions and Fluxes of Smoke
Once the above quantities have been calculated they can be combined to derive the mass
concentrations of particles in the smoke, p;(r), as a function of range r for each laser shot

Cext;(r)
pi(r) = Ae (10)

A lidar cross section through the smoke plume can be integrated to obtain the total mass
of particles in the smoke and, using the wind speed perpendicular to the cross section, V
(which is measured aboard the aircraft), the instantaneous mass flux of smoke particles

through the cross section can be calculated from

m=V|[p;(r)rdrd8 (11)

where rdrd@ is an elemental area normal to the wind vector at range r.

3. RESULTS
3.1 Summary of Flight Operations on 7 August 1993
We received notice that the first NOBE burn was to begin in about 1 hour and took off
from St. John's at 1107 hours local time. We arrived at the burn site at about the time a fog
was forming and spent about 1 hour orbiting the area downwind of the ships. During this
time background measurements were made with one PUF sample, one SUMMA canister,
one quartz filter, and a pair of Teflon filters. The flight was then aborted due to persistent

fog and several hours later the burn was canceled for that day.

3.2 Summary of Flight Operations on 12 August 1993
(a) Overview of First NOBE Burn (UW Flight 1617). After receiving the "1 hour
till burn” notice we departed St. John's at 0800 hours local time. Visibility at the burn site

was good with a broken stratus cloud deck between 120 and 250 m above mean sea level

12



(MSL). Two background samples (1 PUF, 2 quartz, and 2 pairs of Teflon filters) were
collected about 1.5 km downwind of the backup boom between 0821 and 1006 hours.

background data on the plumes of the various ships in the area. Ship plumes were

observed visually and measured at 120 m MSL (just below cloud base). However, ship

When the first NOBE burn began (at about 1030 hours), the smoke plume was
observed to rise quickly above the cloud deck; it is therefore believed to have been
relatively free of contamination from the surrounding ship plumes. Our initial sampling of
the smoke concentrated on the region of plume about 1.5 km downwind of the fire. To
obtain a concentrated smoke sample for a PUF (to get a good measure of the PAH content
of the smoke) three successive bag samples were collected (between 1056 and 1108 hours)
using the aircraft's 2.5 m3 grab-bag sampling system. An additional bag sample was
collected 1.5 km downwind (at 1039 hours) for determination of emission factors (EF) at
that location. We then climbed to 1,200 m MSL and made a pass over the plume to get a
lidar cross-section at 1.5 km downwind. Passes through the plume were then made at
about 5, 8, 14, 18, 24 and 32 km downwind to measure the dilution of the smoke with
distance from the fire. During these passes bag samples were collected (for quartz and
Teflon filters and SUMMA canisters) at 5 and 32 km downwind. After taking the 32 km
downwind sample, we climbed to 1,200 m and made a pass along the plume centerline to
obtain a lidar profile of the plume. At the end of this pass (1157 hours) the burn was
nearly complete so we returned to St. John's to refuel and prepare for the second burn of
the day.

The plume from the first burn exhibited an interesting dispersion pattern. Most of the
smoke rose to between 250 and 600 m MSL and was transported northward by the low-
level southerly winds. However, six large puffs of smoke rose above the main body of the

plume, reaching a height of about 1,200 m. At this level the winds were westerly and the

13



six puffs sheared off and moved to the east while the main plume continued northward.
When we arrived on site for the second burn the plume from the first burn could still be
seen in the distance (out to the NE horizon).

(b) Overview of Second NOBE Burn (UW Flight 1618). We arrived at the burn
site at about 1350 hours. Since ignition was imminent, we collected only one background
bag sample for a SUMMA canister (more background samples were collected after the
burn). After ignition we collected the first smoke sample at a point 3 km downwind,
concentrating on collecting three bags for a good PUF sample and an additional single bag
for emission factor measurements. We then climbed to 1,500 m for several lidar cross
section measurements of the plume at 5, 7 and 10 km downwind, and a lidar run along the
length of the plume centerline. At 1458 and 1518 hours, single bag samples were collected
(for quartz and Teflon filters and SUMMA canisters) at 14 and 24 km downwind,
respectively. We then sampled at three levels in the smoke at 10 km downwind for cross-
sectional measurements of fluxes in the plume. Another lidar run along the plume
centerline was then made at an altitude of 1,800 m, followed by a return pass in the smoke
down the center of the plume for continuous in situ measurements. Finally, a smoke
sample was collected at 450 m and 19 km downwind, and several bags were collected for
background concentrations out of the smoke.

A chronology of the flights listing the times of significant events and the air volumes of
the grab samples is given in Tables 1 and 2. Figures 3 and 4 show the flight tracks for the
two flights.

The smoke plumes from both test burns rose quickly to ~200—400 m above mean sea
level and then rose more slowly. During the first burn a low, patchy cloud layer located at
the top of the marine boundary layer (~200-250 m MSL) covered the area. The smoke
plume rose through this cloud layer and was then carried to the northeast by the wind.

Later in the day, when the second burn started (at 1408 hours local time), the marine

14
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Figure 3. Flight track of University of Washington research aircraft during the first NOBE
burn (numbers along track indicate local time).
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Figure 4. Flight track of University of Washington research aircraft during the second
NOBE burn (numbers along track indicate local time).



boundary layer had risen to a height of ~450-500 m MSL and the clouds had disappeared.
The plume from the second burn rose well above the top of this boundary layer.

The winds were southerly at the surface, but veered to west-southwesterly with height.
Therefore, as the smoke rose it gradually curved towards the northeast, and slanted
upwards to the east. At ~30 km downwind some portions of the plume rose to over

800 m, possibly due to solar heating of the smoke!®.

3.3 Particle Mass Concentrations and Chemical Composition of the Smoke

For both of the NOBE burns particle mass concentrations of ~800-1000 pg m—3
were common near (~1.5 km) the fires (Figure 5). However, after 1-1.5 hours of travel
time downwind, the particle mass concentrations approached the EPA standard (24 h
average) of 150 jig m=3. Mass concentrations were measured using filters with 3.5 um
aerodynamic diameter cut points, but these filters may have collected some particles larger
than 3.5 pm geometric diameter. Measurements in the smoke of the Kuwait oil fires
showed that particles in this size range had geometric diameters 6 to 31 times larger than
their aerodynamic diameters?3. Figure 5 shows particle mass concentrations derived from
the PCASP measurements. The volume distributions from the PCASP were integrated and
an ‘effective density' for each of the eight samples was calculated. This is the particle
density required to match the mass from the filters. The mean value of the effective density
for the eight samples was 1.47 £ 0.34 g cm3. The volume concentrations from the
PCASP were then multiplied by the average effective density to give the mass
concentrations shown in Figure 5.

Our analysis shows that the PCASP can be used to estimate aerosol mass
concentrations provided it is 'calibrated' to the aerosol sampled. This is promising,
because a continuously operating PCASP can provide considerably more information than
a few discrete bag samples. It also provides improved spatial resolution of mass

concentration gradients.
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Samples of the smoke collected on quartz filters were analyzed for their elemental and
organic carbon contents (Figure 6). With the exception of the measurement at 88 minutes
smoke travel time downwind, ~76% of the mass of the smoke particles was elemental
carbon, ~8% was organic carbon, and 16% was unidentified. The measurement made at
88 minutes shows considerably more organic and unidentified fractions. It is uncertain
whether there was enough organic carbon present in the vapor phase to begin with to
account for the additional condensed organics indicated by that sample or whether the

sample was contaminated.

3.4 Emission Factors for Particles

Emission factors quantify the relative amounts of various species emitted by a fire.
Emission factors for a variety of chemical species can be derived from airborne
measurements using the carbon balance method!7:24, which requires instantaneous
measurements of the concentrations of all the major carbon-containing species at a point in
the smoke plume and knowledge of the carbon fraction of the fuel (0.858 in this case).

Table 3 shows the concentrations and calculated emission factors for CO, elemental
carbon, organic carbon, VOCs, and particulate mass for the two NOBE burns. The
emission factor for sub-3.5 um particulate mass (87 £ 15 g kg~1) suggests a lower
combustion efficiency (i.e., more particulate emissions) for the NOBE burns than for the
Kuwait oil pool fires (~50 g kg=1)24. In pan fire tests Benner et al.6 reported total (all
sizes) particulate emission factors that increased from 35 to 80 g kg1, as the fuel layer
thickness increased. Koseki and Mulholland?3 found in pan fire tests a three-fold increase
in the emissions factor of particles of all sizes from ~60 to ~180 g kg-! as the diameter of
the fire increased from 0.6 m to 3 m. Clearly, there are many factors that could affect the
combustion efficiency of oil burning on water.

The measured emission factor for elemental carbon for the NOBE burns was 66 £ 18

8(C) kg1 and for organic carbon in condensed form it was 7 £ 3 g(C) kg~1. The emission
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Figure 6. Mass fractions of elemental carbon, organic carbon
materials in the smoke particles from the NOBE bums.
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factors measured in Kuwait for two pool fires were significantly lower?4; for elemental
carbon they were 16 and 28 g(C) kg~! and for organic carbon in condensed form they were

1.6 and 2.8 g(C) kg-1.

3.5 Specific Extinction of Smoke

The mean value of the specific extinction (Ae) derived from all of the filter samples was
8.7m2 g1 (at A = 0.538 um). Similar results were obtained by Bruce et al.26, who
determined a specific extinction coefficient of 6.97+0.31 m2 g-! for diesel soot at A =
0.488 um. Roessler and Faxvog?7 measured a specific extinction coefficient of 9.840.8

m? g1 for acetylene smoke at A = 0.515 pum.

3.6 Spatial Distribution and Concentrations of Gases in the Smoke Plume

Measurements from several fast-response instruments aboard the aircraft were
examined for each cross-section of the smoke plumes. Figure 7 shows an example. To
detect gases from the plume, the Li-Cor CO analyzer was used, and for smoke particles
the cumulative total from the PCASP-100X was used. As the aircraft entered the plume
both the CO3 and particle concentrations increased sharply. No evidence was found for the
preferential diffusion of gases (compared to particles) from the smoke plumes.

The air within the smoke plume was characteristic of the air near the surface around the
fire itself, rather than the air surrounding the smoke plume at any distance downwind.
Evidence for lofting of surface air is provided by the difference in the value of the water
mixing ratio between air in and out of the smoke for plume penetrations above and below
the boundary layer top. The water mixing ratio in the boundary layer was ~7 g kg1, but
dropped sharply to ~3-4 g kg~! above the boundary layer (Figure 8a). When the aircraft
made a low-level pass through the smoke plume (e.g., at 200 m) (Figure 8c) the mixing
ratio in the smoke was unchanged from the value outside of the plume (~7 g kg™1).

However, when a pass was made above the boundary layer (e.g., at 700 m) (Figure 8b)
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the mixing ratio inside the smoke plume jumped sharply from lower values outside the
smoke (~4 g kg~1) to values more characteristic of the boundary layer air below (~6-7 g
kg1). Since water production from combustion is far too small to account for the elevated
concentrations in the smoke, the air in the smoke downwind must have originated from
near the source of the fire.

This aspect of the plume is relevant to the calculation of emission factors, since the
background concentrations of CO, were not constant with height. In the air above the
boundary layer the CO7 concentration were ~3—4 ppm lower than in the boundary layer.
Qur emission factor calculations are based on measurements of the excess (i.e., above
ambient) concentrations of CO; in the plume. Hence, for portions of the plume that
extended above the boundary layer, the ambient CO7 concentrations used in the calculation
of emission factors was that in the boundary layer.

The lofting of surface air with high humidity into the smoke plume also has
implications for the potential lifetime of the smoke. If the convective column produced by
the burning of crude oil lofts water vapor from the surface, this will increase the chance that
the plume will become supersaturated with water, form a cloud, precipitate, and remove
particles in the plume to the surface through precipitation scavenging.

The highest concentration of excess CO; measured in the smoke plumes was ~40 ppm,
which was located nearest to the fire; the concentration fell off gradually as the plumes
dispersed. Excess CO; typically fell below the discrimination limit (~1 ppm) about ~25-30
km downwind.

A gaseous pollutant of potential concern is NOx. Photolysis of NO3 is the chain
initiation step in the photochemical production of O3, peroxyacetyl nitrate, and other
secondary pollutants. NO, concentrations produced by the NOBE burns were fairly low.
The ratio of NOy (ppb) to excess CO (ppm) was typically 0.3-0.4. This means that the
peak NOy concentration was ~15 ppb and through most of the plume the NOy

concentrations were only a few parts per billion. /n sizu burning of crude oil should not
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result in significant production of secondary pollutants through photochemical reactions
with NOx. The low concentrations are probably due to a relatively low flame temperature
and the low nitrogen content of the fuel. Little to no atmospheric nitrogen would be fixed.
The measured emission factor for organic carbon in the vapor phase was highly
variable. Some of the canister samples used to calculate this quantity could have been
contaminated with ship exhaust, including some samples taken as background
measurements. However, it is not likely that much unburmed hydrocarbon vapor escaped

the flame zone.

3.7 CO; Flux Determined from in situ Measurements

A crude estimate of the total flux of CO, was made using ir siru data from a multiple
pass cross section. During the second NOBE burn, starting at 15:28 hours local time, the
UW aircraft made three passes through the plume at 10 km downwind at altitudes of 385,
443, and 535 m. The bottom and top of the plume was estimated from lidar data to be at
300 and 650 m. By examining data from fast response instruments and the airspeed of the
plane, the width of each pass and the area of the plume cross section were estimated. The
excess COp was approximated for the cross section by averaging the data from the Li-Cor
6262 CO, analyzer measured during each pass. The wind perpendicular to the flight track
was 8 m s—1. This allows calculation of the mass flux of CO,. Next, the flux of carbon
was estimated by assuming that 89% of carbon emitted was in the form of CO,. This value
was determined by an overall carbon budget analysis for both NOBE burns. To convert
from carbon mass flux to total fuel consumption rate the carbon fraction of the fuel was
assumed to be 0.858 kg (C) per kilogram of oil. The density of the oil was 0.84 g cm3.
A combination of these quantities yields a fuel consumption rate of 720 liters min~1. This
compares reasonably well with the reported pump rate of 560 liters min—1, and supports

our assertion that large amounts of CO» did not "escape” from the plume.
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3.8 Polycyclic Aromatic Hydrocarbons

Smoke samples collected on the PUFs were analyzed for PAHs. Details of the analysis
procedure are given by Fingas et al28. The results are shown in Table 4.

The heaviest measured total concentration of PAHs was for a background sample taken
downwind of the ship exhausts (NFP1). The final line in Table 4 shows the amount of the
smoke mass that was composed of PAH (in micrograms of PAH per gram smoke). When
correcting for background concentrations the heavy sample (NFP1) was not used, thus the
indicated amounts of PAHs in the smoke should be upper limits. The first two values (650
and 770 pg g-1) are quite low. The third is much higher (6400 pg g-1), and is comparable
to the values reported by Benner et al®. The most prevalent compound was napthalene.
Benner et al®, who used the same type of crude oil (Alberta Sweet) burned in NOBE, did
not measure any napthalene from their pan fire tests. A species not present above the
detection limit in the NOBE smoke was benzo(a)pyrene, which is often used as a surrogate
indicator compound to characterize gross PAH levels?9. Clearly this would not be an

appropriate choice for the smoke from the NOBE fires.

3.9 Emission Factors for Gases

The derived emission factors (in grams of carbon per kilogram of fuel) for CO; and
VOCs for the NOBE burns are listed in Table 3. The emission factor for CO2 for the NOBE
burns (767 g (C) kg-1) is only slightly less than those reported by Laursen et al2 for two
pool fires in Kuwait (824 and 805 g (C) kg~1). The lower value for the NOBE burns
indicates lower combustion efficiency, since the carbon fractions of the two crudes were not
significantly different.

The average value of the ratio of concentration of CO to CO; in the smoke from the
NOBE burns was 0.017. This is similar to the values measured by Koseki and
Mutholland?3 in pan experiments with oil floating on water. During one of their test burns

the CO/CO,, ratio varied almost linearly in time from ~0.012 to ~0.024, with a higher value
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at the end of the burn. In contrast, two pool fires in Kuwait?* produced CO/COz ratios of

" .

.012. Again, this indicates a lower combustion efficiency (i.e., more oxygen

<

0.007 and
starvation) for the NOBE burns than for the Kuwait pool fires. One reason for the
difference may be that the two Kuwait pool fires discussed by Laursen et al.24 contained
venting wells in their centers, which proba
CO concentrations were low and were difficult to quantify for many of the more dilute

smoke samples. From measurements of the ratio of CO to excess CO2, and from

estimated to be ~13 g kg-!. The emission factor for SO (~3 g of SO2 per kg fuel) was
determined by assuming all of the sulfur in the fuel (0.15%) was emitted in the smoke.
Based on our limited measurements of the emissions factors for VOCs (~5 g kg1), it

appears that little unburned hydrocarbon vapor escaped the flame zone.

3.10 Smoke Concentrations Derived from Lidar

Derivation of smoke concentrations from lidar could not be carried out for the first burn
because the low clouds present obscured the lidar return from the sea surface.

Figure 9 shows a sketch of the second NOBE bum, and the locations of the four cross-
sectional measurements of the plume with the lidar. A lidar profile along the length of the
plume was also obtained as the aircraft flew above the plume. The first three cross sections
and the lengthwise section of the plume were obtained within minutes of each other, the
fourth cross section was made about an hour later. The surface winds were southerly, but
veered toward westerly with height.

Figure 10 shows the measured mean wind profile for the second NOBE burn. The
initial rise of the smoke plume was variable, due to the fire pulsing varying sizes of smoke
parcels. The smoke that started near the surface was advected almost due north, but smoke

that rose higher was sheared off toward the east.
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Figure 9. Schematic of the smoke plume from the second NOBE burn showing where the

airborne lidar measurements were obtained.
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Figure 11 shows the mass concentrations of smoke particles derived from the four lidar
cross sections of the smoke plume for the second NOBE burn. Also shown in each case
are the derived optical depths (at A = 0.532 um) of the smoke.

Figures 11a and b show the results from the first and second lidar cross sections of the
smoke plume, respectively. Some smoke was detected down to about 50 m from the ocean
surface. This may have been due to either a smoke parcel that never rose very high to
begin with or to fumigation. Both cross sections show the tilted, sheared structure of the
plume near the fire. The peak mass concentrations of particles in the first two cross
sections were just over 350 Lig m=3, with large portions of the plume containing particle
concentrations between 150 and 250 ug m-3. Considering their proximities to the burn,
these concentrations are fairly low. This is also reflected in the small values of optical
depth; even in the heaviest parts of the first two cross sections the optical depth was only
about 0.2.

The third lidar cross section is shown in Figure 11c. Here, the plume is less organized,
and consists of two separated regions of smoke. Also, the smoke concentrations are
significantly higher than in the first two cross sections; peak values are > 550 pug m~3 and
large areas of the plume have smoke concentrations > 250 pg m—3. The optical depth
across the plume is correspondingly higher. The higher mass concentrations of smoke in
the third cross section are in spite of the fact that smoke in this region was ~8—12 minutes
older than in the first two cross sections, and therefore had more time to diffuse. This
variability reflects the fluctuating burn rate of the oil. Figure 11c shows that the smoke had
risen to over 750 m above the surface at 10 km downwind. This was probably due, in
part, to the fact that the fire was larger and more intense at the time this smoke was
produced. However, the smoke may also have been lifted as it moved downwind due to
heating from the absorption of solar radiation (see below).

The fourth lidar cross section (Figure 11d) was taken about 20 km downwind of the

fire, at about an hour after the first three cross sections. The smoke was much more
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diffuse in this cross section, with mass concentrations generally < 100 pg m=3. Also, the
smoke was at a higher altitude than in the first three cross sections. At this distance
downwind, the optical depth across the plume was almost Gaussian in shape.

Figure 12 shows the mass concentrations of particles in the smoke, derived from the
lidar measurements, as the aircraft flew along the length of the smoke plume. The highly
variable shape of the plume is revealed in this figure; also, the top of the smoke plume is
seen to be more irregular than the base, especially from 2 to 6 kmm downwind. Overall, the
height of the plume gradually increased with distance downwind. Some of the internal
structure of the plume is also revealed in Figure 12.

Particle concentrations in the plume did not decrease with increasing distance from the
fire in any simple fashion,; this is because of the variability in the burn rate of the oil and the
very slow dispersion of the smoke. In fact, the peak particle concentration (> 800 g m=3)
was located at ~8.5 km downwind (the color scale in Figure 12 was not extended to
encompass this isolated spot because it would have caused a loss of resolution in depicting
the rest of the plume), and a fairly dense parcel of smoke is seen at ~14 km downwind.

The optical depth of the plume was generally below 0.3, with only one region over 0.6.
The very high optical depths (indicated by the dashed line at downwind distances < 1.5 km
in Figure 12) are incorrect since they were measured as the aircraft was banking through a
turn so that the laser beam was not pointing straight down. The solid lines in Figure 12
reflect more accurate values of the optical depth.

A word of caution is in order concerning the interpretation of the fine-scale details in
Figures 11 and 12. The lidar signal contained some electronic and random noise. Some
filtering was performed, but this was kept to a minimum so as not to eliminate real signals.
The large-scale structure of the plume should be accurately represented in Figures 11 and
12, as should the magnitudes and gradients of the concentrations of particle concentrations
in the plume. However, small details, such as the region of clear air just beyond 11 km or

the flat top to the smoke plume at 9.5 km in Figure 12, could be erroneous.

40



awnyd ajowus 2y Jo YIZu[ Ay SUO[. UOLIIIS SSOID [BOLIA 91 10 Inq || 2InTL] J0] SV 71 0By

(w) @ouelSIg BWIN}Y UMOQ

00002 0008L 0009t 000¥L 0002t 00001 0008 0009 00ov 0002 0

00
A
- ¥°0
r 90
- 80

(w) eouelsIg swnjgd umo(
0000¢ 0008+ 00091 000¥1L  0002i 000014 0008 0009 0001 000¢ 0
A e T T r T T 7 i T T T T T T T Y T T T T T T T T T T T T hl o

se
aot
[s1+21
0oe
oge
0ot
oge
QO%
os¥
00%
osg

009

yideq feondo

(w) soeuNg BOS 9Aoqge jubieH



3.11 Mass Fluxes of Smoke

The contours of the concentrations of particles in cross-sections of the smoke plume
shown in Figure 11 can be integrated and combined with the wind speed to yield the mass
fluxes of particles passing through each of the four cross sections. The fluxes derived this
way for cross sections 14 were 142, 175, 423,and 414 g s—1, respectively. In the second
NOBE burn, 28.5 m3 of oil burned in 1.3 hours2?, the density of the oil was 0.84 kg per
liter, and the sub-3.5 um diameter particle emission factor was 87 g kg~1. These quantities
can be combined to yield an average smoke mass flux from the second NOBE burn of ~447
g s-1, which, considering the variability in the rate of burning, is in reasonable agreement
with the findings derived from the lidar measurements at various distances (times)

downwind.

3.12 Self-lofting of Smoke due to Solar Heating

Smoke particles of elemental carbon strongly absorb visible light. This warming tends
to make the smoke rise; this is called self-lofting. We can make a rough estimate of the
heating rate of the smoke as follows. The contour plots of the mass concentration of
smoke particles (Figures 11 and 12) show that the average value was ~ 200 pg m—.
Combining this with the measured values of the specific extinction of the smoke (Ae =
Oext/Pa = 8.7 m? g-1) and the single-scattering albedo (o = 0.32) yields an average
absorption coefficient of ~1.x10-3 m-1. The flux of solar radiation was ~800 W m-2.
This, combined with the absorption coefficient and the specific heat per unit volume for air
(cp ~1250 J °C-1 m-3), yields a heating rate for the smoke of ~2.5 °C h-1.

The rates of rise of portions of the smoke are consistent with this heating rate. For
example, the smoke shown in Figure 12 is at a height of ~400 m at ~10 km downwind, and
at 17.5 km downwind it is at a height of ~550 m. The time taken for a smoke parcel to
travel this distance at the measured wind speed would have been ~1000 s. If heated at 2.5

°C h-1, the predicted increase in the height of the smoke in 1000 s, in the stable ambient



atmosphere that characterized the NOBE burns, is ~140 m, compared to the observed value

of ~150 m.

4. DISCUSSION

To put the NOBE burns into perspective with other large-scale combustion sources, we
have used our measured emission factors and the approximate burn rates for NOBE and
calculated the total emission rates (in kg hr-1) for the major combustion products. The
results are summarized in Table 5.

We see from Table 5 that for CO; the hourly emission rate from the NOBE was
equivalent to approximately 2 acres of slash burning (typical slash burns are on the order of
several tens to several hundreds of acres). For CO the equivalent amount of slash burning
is much smaller (0.2 acres), since slash burns have a high degree of smoldering
combustion that promotes CO formation. For SO the emissions are proportional to the
sulfur content of the crude oil, which was quite low in the NOBE burn (0.15%); this
resulted in an emission rate of SO that was much lower than that from a typical coal-fired
electric power generating plant. The total particle emission rate for the NOBE burns (4050
kg hr-1) was calculated from a total particle emission factor of 150 g kg~ derived from
filter measurements aboard the NIST blimp. A smoke sample collected with a cascade
impactor aboard the blimp showed that ~65% of the total mass was in particles <3.5 pm
diameter. Therefore, based on these measurements, the emission factor for particles <3.5
um diameter should have been 150 x 0.65 =98 g kg-1. This agrees well with our
measured emissions factor for particles <3.5 pm diameter, of 87 £ 15 g kg-1. A total
particle emission rate of 4050 kg hr-! is comparable to the smoke emitted from ~9 acres of
slash burning, or about 58,000 wood stoves (an efficiently burning wood stove produces
relatively little smoke per kilogram of fuel burned). Emissions of sub-3.5 pm diameter
smoke particles from the NOBE burns were equal to ~7 acres of slash burning, and, if we

subdivide this into elemental (soot) and organic carbon fractions, similar comparisons can
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TABLE S. Calculated Rates of Emission™ for the NOBE Burns (With an Average Burn Rate of 200 Barrels of Oil
per Hour or 27,000 kg hr-1)

Emission Factor

Emission Rate

Comparable Emissions from

(g kg (kg hr 1) Other Sources

COp 2810 75900 ~ 2-acre slash burn31

CO 30 810 ~0.2-acre slash burn31 or
~ 2,400 woodstoves32

SO, 3 81 7400 kg hr-1 (average coal-fired
powerplant)33

Total smoke 150 4050 ~9-acre slash burn3! or

particles30 ~ 58,000 woodstoves32

Sub-3.5 um diameter 87 2350 ~ 7-acre slash burn3!}

smoke particles

Sub-3.5 pm diameter 66 1782 ~ 46-acre slash burn34.35

soot (elemental carbon)

Sub-3.5 pm diameter 7 186 ~99 kg hr-! (emissions from cigarette

organic carbon aerosol smoke in Los Angeles area)36 or
~ 4,300 woodstoves32

vOC 5 132 Equivalent to natural emissions from a
living 9,000-acre forest37 or
~ 1,000 woodstoves32

PAHs** ~0.1 ~2.7 Equivalent to ~ 4,400 woodstoves32

or ~ 17 acre slash burn31

* In this table we define the emission factor as the total mass of the chemical species emitted per unit mass of

fuel burned.

%k

Approximate upper limit; samples were only slightly greater than blanks.



be made to other sources of these materials (Table 5). The emissions of VOCs from NOBE
were quite small, since little unburned fuel escaped the flame zone of a pool fire.
In the case of PAHs, all of th

NOBE were at or near the detection limit. We therefore chose an approximate upper limit

to our measurements and derived an approximate maximum value for the emission rate of

the PAH-to-mass ratio measured by Environment Canada near the fire, where detectable
amounts of PAH were measured.
The above comparisons should be useful in placing the emissions from the NOBE oil

burns in perspective with other sources of air pollution.

5. CONCLUSIONS

The smoke from the two NOBE burns contained high concentrations of submicron,
respirable particles. Number concentrations in the accumulation mode were up to 4,000
cm=3 out to 30 km from the fire. Mass loadings near 100 ug m—3 were measured out to 25
km at plume level. However, these high particulate concentrations were not measured at
sea level, since the smoke plume rose quickly to the upper part of the boundary layer
(~300-500 m MSL), and some smoke penetrated higher as the fire pulsed larger buoyant
parcels. The stable atmospheric conditions under which the NOBE burns occurred
inhibited any smoke from mixing back down to the surface. This was confirmed by an
aircraft pass beneath the plume at ~24 km downwind in which smoke near the surface was
not detected. In general, the intensity of a fire and the stability of the lower atmosphere will
determine whether (and in what amounts) smoke will intercept the surface.

The average sub-3.5 pm diameter particle emission factor from the NOBE burns was
87+15 g kg-1, which agrees well with a cascade impactor measurement obtained aboard the
NIST blimp. The composition of the smoke particles, on average, was 76% elemental

carbon, 8% organic carbon and 16% unidentified materials.
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Polycyclic aromatic hydrocarbon concentrations in the smoke plume were similar to
those measured in background samples near the ships, and lower than those measured on
two out of the five control blanks. Two samples of the smoke produced quite low PAH
concentrations of 650 and 770 (ug PAH g-! smoke) but a third (possibly contaminated
with ship exhaust) had a concentration of 6400 (g PAH g-! smoke). These results are
therefore highly uncertain.

This study confirms that in situ burning is an effective method of removing spilled oil
from the ocean and that, under appropriate conditions, the effects on air quality at the
surface are negligible. Most of the oil was consumed and converted to benign products
(e.g., CO, and H,0), and the remaining pollutants were widely dispersed above sea level.
Total amounts of pollutants released are comparable to or lower than a number of more
familiar sources of pollution. However, if such a smoke plume remained on the surface,
and was advected into a populated area, the impacts would probably be unacceptable due to

the high particle concentrations.
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