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Abstract. We present measurements of a long-range smoke
transport event recorded on 20–21 July 2011 over Hali-
fax, Nova Scotia, Canada, during the Quantifying the im-
pact of BOReal forest fires on Tropospheric oxidants over
the Atlantic using Aircraft and Satellites (BORTAS-B) cam-
paign. Ground-based Fourier transform spectrometers and
photometers detected air masses associated with large wild-
land fires burning in eastern Manitoba and western Ontario.

We investigate a plume with high trace gas amounts but
low amounts of particles that preceded and overlapped at
the Halifax site with a second plume with high trace gas
loadings and significant amounts of particulate material. We
show that the first plume experienced a meteorological scav-
enging event, but the second plume had not been similarly
scavenged. This points to the necessity to account carefully
for the plume history when considering long-range transport

since simultaneous or near-simultaneous times of arrival are
not necessarily indicative of either similar trajectories or me-
teorological history. We investigate the origin of the scav-
enged plume, and the possibility of an aerosol wet deposition
event occurring in the plume∼ 24 h prior to the measure-
ments over Halifax. The region of lofting and scavenging is
only monitored on an intermittent basis by the present ob-
serving network, and thus we must consider many different
pieces of evidence in an effort to understand the early dynam-
ics of the plume. Through this discussion we also demon-
strate the value of having many simultaneous remote-sensing
measurements in order to understand the physical and chem-
ical behaviour of biomass burning plumes.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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1 Introduction

Wildland fires have burned an average of 2.3 million hectares
of the Canadian boreal forest annually over the past 25 yr,
with the majority of large fires being started by lightning
strikes (data from the Canadian Wildland Fire Information
System;http://cwfis.cfs.nrcan.gc.ca/). These biomass burn-
ing events are a significant source of carbonaceous aerosols
and trace gases to the atmosphere. In addition to the lo-
cal ecological effects, it has been demonstrated that plumes
lofted into the free troposphere are capable of undergoing
significant long-range transport (LRT) and chemical evolu-
tion (e.g.Crutzen and Andreae, 1990; Cooper et al., 2002;
Derwent et al., 2004). The climatic implications of these per-
turbations to the troposphere are extremely sensitive to the
characteristics of the LRT. As lofting of air via meso-scale
convection often occurs during LRT, clouds may form and
aerosol particles may be scavenged by cloud/rain drops and
potentially removed from the atmosphere via wet deposition.
These processes are therefore critical in determining aerosol
lifetimes (e.g.Moteki et al., 2012; Seinfeld and Pandis,
2006). Many of these processes remain poorly constrained
in atmospheric models (e.g.Croft et al., 2012; Browse et al.,
2012), and further observations are necessary.

A number of recent field campaigns have looked at mid-
to high-latitude wildfires and their impact on atmospheric
composition. For example, the NASA Arctic Research of the
Composition of the Troposphere from Aircraft and Satellites
(ARCTAS) campaign in the summer of 2008 investigated the
influence of biomass burning outflows on the Arctic environ-
ment (Jacob et al., 2010). An emphasis was placed on quan-
tifying the chemical composition and near-field evolution of
the fire plumes, as well as on better understanding their radia-
tive impact on a regional scale. Transport pathways and the
lofting efficiency of black carbon (BC) detected over Alaska
during the ARCTAS campaign were investigated byMatsui
et al.(2011), who found a discrepancy between BC released
by wildfires in northern Russia and BC released by anthro-
pogenic sources further to the south. Lofting of BC associ-
ated with the northern wildfires generally occurred isentropi-
cally at low relative humidity, while lofting of BC from more
southern sources was often associated with rapid ascent and
heavy precipitation (Matsui et al., 2011).

The Aerosol Radiative Forcing in East Asia (A-FORCE)
campaign in the spring of 2009 specifically investigated the
role of wet removal of BC in Asian outflow (Oshima et al.,
2012). Precipitation was found to be the most important scav-
enger of BC from the atmosphere. However, previous stud-
ies (e.g.Andreae et al., 2004) have shown that precipitation
washout can be inhibited by smoke thereby allowing aerosols
to reach the upper troposphere. The interaction between the
convective plumes from the fires, aerosols from the fires, and
the local meteorology is complex and requires further study.

The Quantifying the impact of BOReal forest fires on Tro-
pospheric oxidants over the Atlantic using Aircraft and Satel-

lites (BORTAS) project was a multi-national campaign led
by the University of Edinburgh and conducted over eastern
Canada during the summers of 2010 and 2011. The over-
all goal of BORTAS was to investigate the connection be-
tween the composition and the distribution of biomass burn-
ing outflow, ozone production and loss within the outflow,
and the resulting perturbation to atmospheric chemistry in
the troposphere (Palmer et al., 2013). The primary data sets
of the campaign were provided by the UK Facility for Air-
borne Atmospheric Measurements (FAAM) BAe-146 Atmo-
spheric Research Aircraft (ARA) flying out of Halifax, Nova
Scotia. These measurements were only available during the
2011 portion of the campaign (BORTAS-B; herein referred
to as BORTAS). A series of 14 flights designed to sample
biomass burning plumes of varying ages at a variety of alti-
tudes were completed between 15 July and 3 August 2011.
Flight paths were selected from the predictions of forecast
models in order to maximize the probability of intercept-
ing plumes. Specific flight paths are detailed inPalmer et al.
(2013). A simultaneous ground-based campaign was under-
taken to support the ARA measurements. In situ and remote-
sensing instruments were clustered at the Dalhousie Ground
Station (DGS) located at Dalhousie University (Halifax, NS;
44.6◦ N, 63.6◦ W; 65 m a.s.l.). The full list of DGS instru-
ments is described inPalmer et al.(2013) andGibson et al.
(2013).

In this paper we present observational evidence of
a biomass burning plume that experienced a period of precip-
itation scavenging during transport to the DGS. We begin by
presenting a summary of the 2011 Canadian wildfire season.
We follow this in Section 3 by describing the different instru-
ments and methods used in this work. In Section 4 we present
the time series of ground-station measurements and compare
them with available aircraft and satellite data, as well as with
transport model results. In Section 5 we present and discuss
the observational evidence for precipitation along the plume
trajectory. We conclude with a summary of our results.

2 Overview of the 2011 wildfire season

The wildfire season in the Canadian boreal forest runs from
April to October with the majority of fires occurring from
June to August (Canadian Forest Service;http://cfs.nrcan.
gc.ca/). BORTAS measurement flights based out of Halifax
were scheduled from 18 July to 31 July 2011 to coincide with
this climatological peak.

A hot and unusually dry summer contributed to the
province of Ontario recording a total of 1334 fires during the
2011 season with a total burned area of over 635 000 ha, or
roughly 5 times the 10 yr average affected area (data from the
Ontario Ministry of Natural Resources;http://www.mnr.gov.
on.ca/). The Sioux Lookout 70 fire (SL70; 52.3◦ N, 90.7◦ W)
was the largest recorded Ontario fire in over 50 yr with a to-
tal burn area of 141 000 ha. Ignited by a lighting strike on
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14 July, SL70 burned for 6 days before being extinguished by
rainfall. Smaller, yet still intense, wildland burning occurred
in eastern Manitoba during the same period. Figure1 shows
the locations of fires catalogued by the NASA Fire Infor-
mation for Resource Management System (FIRMS;Davies
et al., 2009), using data from the MODerate Resolution In-
frared Spectroradiometer (MODIS) instruments aboard the
Aqua and Terra satellites (Giglio et al., 2003).

We will show that the differences in the local meteorol-
ogy at each of these fire regions are a significant factor driv-
ing the differences in detections made downstream. A series
of meso- to synoptic-scale disturbances tracked over Man-
itoba, Ontario, and southern Quebec during the campaign
and provided the means for lofting biomass burning plumes
out of the boundary layer. Beyond rapid uplift within thun-
derstorms, other possible mechanisms for initiating lofting
include localized convective motions from the fires them-
selves, as well as transport along the warm conveyor belt
of the synoptic lows (Cooper et al., 2002). Lofted plumes
were efficiently transported toward the DGS via a strong
mid-tropospheric flow driven by a major low-pressure sys-
tem situated over the northern Quebec/northeastern Hudson
Bay region, while lower level plumes remained under the in-
fluence of a slower westerly wind. A more detailed overview
of the general meteorological conditions during the BORTAS
mission can be found inPalmer et al.(2013).

3 Measurements and models

This paper will focus on the measurements made by the
four remote-sensing instruments that were operating at DGS
during the BORTAS campaign: two Fourier transform spec-
trometers (FTSs) providing solar absorption measurements
of trace gases, a sun photometer providing aerosol optical
depth during daylight hours, and a star photometer providing
the same during clear nights.

3.1 Fourier Transform Spectrometers

3.1.1 Dalhousie Atmospheric Observatory DA8

The primary Dalhousie Atmospheric Observatory (DAO) in-
strument is a newly refurbished high-resolution DA8 FTS
(DAO-DA8) manufactured by ABB (Bomem) and installed
at Dalhousie University in 2010. The spectrometer is owned
by the Canadian Space Agency, and the modifications to
the electronics have been made at Dalhousie University. The
heart of the DAO-DA8 is a Michelson Interferometer with
a maximum optical path length of 250 cm providing an un-
apodized resolution of 0.004 cm−1. Alignment is maintained
over the full optical path by monitoring the modulated sig-
nal of an internal HeNe laser. In accordance with proce-
dures developed by the Network for the Detection of Atmo-
spheric Composition Change (NDACC; information online
athttp://www.ndacc.org), solar absorption measurements are

Figure 1.Map of eastern Canada showing all MODIS hotspots from
17 July to 20 July 2011 as detected by the Aqua and Terra satellites.
Fires with radiative powers over 100 MW are shown as diamonds.
The location of the DGS is marked with a yellow diamond in the
lower right, while radiosonde stations used in this study (The Pas,
Yarmouth) are marked with yellow triangles. Radar facilities men-
tioned in the text (WHN, XRA, XFW) are marked with blue stars.

made through a series of six narrowband interference filters
to optimize the signal to noise ratio. Every filter measure-
ment consists of four to six co-added scans, enabling us to
sample the entire spectrum from 750 to 4300 cm−1 (via all
six filters) at full resolution every 55 min.

A dedicated active-tracking heliostat was designed and
built to support the DAO-DA8 spectrometer. The use of
a camera in the tracker allows us to accurately monitor the
position of the sun and make active feedback corrections,
while a passive system of ephemeris calculations enables us
to continue tracking in the event of a temporary loss of sig-
nal. This arrangement permits high tracking precision with
a root mean square (rms) error of∼ 10 arcseconds.

3.1.2 PARIS-IR

The Portable Atmospheric Research Interferometric Spec-
trometer for the Infrared (PARIS-IR;Fu et al., 2007) was
temporarily installed at the DGS during the BORTAS cam-
paign. PARIS-IR was built by ABB (Bomem) as a ground-
based adaption of the Atmospheric Chemistry Experiment
FTS (ACE-FTS) aboard the SciSat satellite (Bernath et al.,
2005). With a maximum optical path difference of±25 cm,
PARIS-IR measures the entire 750–4400 cm−1 spectral re-
gion with an unapodized resolution of 0.02 cm−1 every
7 min.

A second independent solar tracker of the same design as
described above was installed at the DGS to provide PARIS-
IR with a solar beam for its absorption measurements.

3.1.3 Trace gas retrievals

Columns of carbon monoxide (CO), ethane (C2H6), and ni-
trous oxide (N2O) were derived from measured solar spectra
using an optimal estimation technique (Rodgers, 1976, 2000)
as implemented by the retrieval software SFIT2 version
3.94c (Pougatchev et al., 1995, 1996). SFIT2 first calculates
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a spectrum using the High-Resolution Transmission Molecu-
lar Absorption Database (HITRAN) 2008 line list (Rothman
et al., 2009) and a priori volume mixing ratio (VMR) profiles
of trace gases. This synthetic spectrum is then compared and
fitted to the observed spectrum by varying the vertical profile
of the desired species and scaling the profiles of any inter-
fering gas species. The retrieval is performed simultaneously
over multiple short regions of the spectrum (referred to as
microwindows) recommended by the NDACC community.

The two FTS systems retrieve trace gas profiles on vertical
grids with different resolutions. PARIS-IR retrieves gas pro-
files on a 29-layer grid, while the higher spectral resolution
of the DAO-DA8 allows us to retrieve profiles on a 48-layer
grid. Thus, a proper comparison of the total gas column mea-
surements between the two instruments requires smoothing
the DAO-DA8 profiles using the PARIS-IR averaging ker-
nels. This process is detailed inGriffin et al. (2013). Total
and partial column values are calculated from the retrieved
VMR profiles by integrating over the altitude range taking
into account the density of the atmosphere at each layer.

With one exception, a priori VMR profiles for trace
gases above Halifax were taken from 40 yr averages (1980–
2020) of the Whole Atmosphere Climate Chemistry Model
(WACCM V6; Eyring et al., 2007). Halifax is a marine site
and the highly variable nature of water vapour above the
DGS required the use of more accurate daily a priori water
vapour VMR profiles. The lowest 20 km of the WACCM wa-
ter vapour VMR profile was replaced with profiles calculated
from radiosondes released every 12 h from Yarmouth, NS
(43.9◦ N, 66.1◦ W; 9 m a.s.l.). For the DAO-DA8, the inclu-
sion of the radiosonde derived water vapour profiles removed
a non-physical oscillation from the retrieved CO VMR pro-
files without significantly changing the total column. Al-
though the temporal resolution of PARIS-IR greatly exceeds
that of the DAO-DA8, the lower spectral resolution decreases
the sensitivity of the instrument to CO above∼ 5 km, and
only permits retrieval of total column abundances. There-
fore, daily water vapour VMR profiles were not necessary
in the PARIS-IR retrievals, and the mean WACCM a priori
VMR was used. Pressure and temperature information were
taken from the National Centers for Environmental Predic-
tion (NCEP) each day and then interpolated onto the retrieval
altitude grids.

DAO-DA8 retrievals of C2H6 produced∼ 1.3 degrees of
freedom of signal (DOFS) and therefore only permit us to
state a total column measurement. In contrast, N2O retrievals
have ∼ 3.0 DOFS, but the observed N2O enhancement is
very modest; therefore we also only present total column
measurements. CO is retrieved with∼ 2.4 DOFS, and the
DAO-DA8 resolves the wings of the pressure broadened CO
absorption lines sufficiently well to allow calculation of par-
tial columns in addition to the total column value. Vertical
limits of 0 to 4 km and 4 to 20 km were chosen to provide
a full DOFS in each partial column. The contribution of CO
above 20 km to the total column is less than 2 %.

Uncertainties in the derived columns were calculated in
a manner similar to that described byBatchelor et al.(2009)
and Griffin et al. (2013). Errors considered in our calcula-
tions include the smoothing error, measurement error, uncer-
tainties in the HITRAN 2008 line parameters, and errors in
the temperature profile.

3.2 Sun and star photometers

Dalhousie University has hosted an automated CIMEL Elec-
tronique 318A as part of the AEROCAN sun photometer net-
work since June 2002. The AEROCAN network is a sub-
set of the worldwide Aerosol Robotic Network (AERONET;
Holben et al., 1998). The CIMEL sun photometer provides
measurements of vertically integrated aerosol properties at
a variety of optical wavelengths with a sampling resolution
of about 3 min.

A star photometer operated by the University of Sher-
brooke was temporarily installed at the DGS during the
BORTAS campaign. Operating under a similar principle to
the sun photometer, this instrument uses a telescope to mon-
itor the light of known bright stars, thus allowing measure-
ments of aerosol properties any cloud-free night (Herber,
2002).

The aerosol optical depth (AOD) at 500 nm is parti-
tioned into a fine (roughly submicron) and coarse mode via
a spectral deconvolution algorithm (SDA;O’Neill , 2003). As
aerosols associated with the long-range transport of biomass
burning plumes are expected to be on the submicron scale,
we will only present the post-calibrated level 1.0 SDA-
derived fine-mode AOD in this paper.

3.3 Dalhousie Raman Lidar

The Dalhousie Raman Lidar (DRL) employs a Nd : YAG
laser to produce 532 nm light at a pulse frequency of 20 Hz.
Vertical profiles of atmospheric scattering are derived from
the returned signals at both the elastic scattering wavelength
as well as at the nitrogen (N2) Raman-shifted wavelength of
607 nm. A complete description of the instrument, as well
as a detailed discussion of the uncertainties in the measure-
ments, is available inBitar et al.(2010).

3.4 BAe-146 aircraft instruments

A multi-instrument payload was installed aboard the BAe-
146 ARA during the BORTAS campaign flights. A full list-
ing of instruments can be found inPalmer et al.(2013). Of
most interest to this paper are the Aerosol Mass Spectrometer
(AMS) and CO monitor. The AMS had a temporal resolution
of 30 s and provided measurements that include NH4, SO4,
NO3, and organics (Jayne et al., 2000). The CO monitor op-
erates via UV fluorescence with a temporal resolution of 1 s,
and a sensitivity of 1 ppb (Gerbig et al., 1999; Taylor et al.,
2014).

Atmos. Chem. Phys., 14, 8449–8460, 2014 www.atmos-chem-phys.net/14/8449/2014/



J. E. Franklin et al.: A case study of aerosol scavenging 8453

3.5 Numerical simulations

The transport histories of plumes intercepted by the aircraft
and the DGS remote-sensing instruments were first analysed
using the HYbrid Single-Particle Lagrangian Integrated Tra-
jectory (HYSPLIT) model (Draxler and Rolph, 2013; Rolph,
2013). Runs were initialized at the DGS and along the air-
craft flight track and used NCEP Global Data Assimilation
System (GDAS) reanalysis fields to model the transport to
roughly locate the origins of the plumes. A more quantitative
transport analysis was then performed using the Lagrangian
Particle Dispersion Model FLEXPART (Stohl et al., 2005).
Meteorology provided by the NCEP Global Forecast System
(NCEP GFS) was used by FLEXPART to advect CO from
biomass burning locations. Additional runs were completed
using particles susceptible to removal via wet deposition.

4 Results

4.1 Dalhousie Ground Station observations

Total columns of CO, C2H6, and N2O retrieved from the
DGS spectrometers during the extended BORTAS ground
campaign are shown in Fig.2a–c. Biomass burning is a sig-
nificant source of CO and C2H6, and a moderate source of
N2O to the atmosphere. While CO and C2H6 are removed
in a matter of months via reaction with OH radicals, N2O
has been estimated to have a tropospheric residence time
of over 100 yr, eventually being transported to the strato-
sphere where it is susceptible to photodissociation (Sein-
feld and Pandis, 2006). Episodic correlated enhancements in
these three species are considered to be evidence of biomass
burning. PARIS-IR retrievals only detect significant enhance-
ments in CO during the campaign period, and thus these are
the only PARIS-IR measurements shown in Fig.2. Total col-
umn CO values measured by DAO-DA8 agree with PARIS-
IR retrievals within 4 % after smoothing to a comparable ver-
tical resolution (Griffin et al., 2013).

Fine-mode AOD data derived from sun and star photome-
ter measurements during the campaign are shown in Fig.2d.
As demonstrated in Fig. 7 ofGriffin et al. (2013), the fine-
mode AOD is generally positively correlated with total col-
umn CO throughout the campaign. However, not all mea-
surements of specific air masses follow this trend, and it is
one of these exceptions that is investigated in this paper.

The strongest CO signal seen in Fig.2 is associated with
a plume that arrived in the afternoon of 20 July 2011. So-
lar tracking instruments at the DGS intercepted the plume
to the southwest before it was detected by zenith-pointing
instruments (including the DRL). Measurements of CO and
AOD during this event are expanded in Fig.3a and b. The
total column of CO begins to rise at 17:30 UTC from a local
morning value of(2.0±0.1)×1018 molec cm−2 and reaches
(2.9± 0.1) × 1018 molec cm−2 by 21:20 UTC (Fig.3a). The

Figure 2. DGS remote-sensing measurements observed during the
extended BORTAS campaign.(a) Total retrieved column of CO as
measured by the DAO-DA8 (blue circles) and PARIS-IR (red tri-
angles). Typical background column of CO above the DGS in the
summer is shown by the horizontal blue line. (b andc) Total column
of C2H6 and N2O derived from DAO-DA8.(d) Fine-mode AOD
derived from the CIMEL sun photometer (green circles), and star
photometer (magenta stars). Background level of fine-mode AOD
at the DGS is shown by the horizontal green line.

enhancement appears to have continued throughout the night
as a maximum value of(3.5± 0.1) × 1018 molec cm−2 was
measured on the morning of 21 July. Total column values
then declined throughout the day, but the sun was obscured
by clouds from 18:00 UTC to sunset (∼ 23:50 UTC) so there
are no measurements in that period.

Figure 3b shows the derived fine-mode AOD from the
CIMEL sun photometer and star photometer throughout the
event. The arrival of the plume is marked by a sudden
increase in both the coarse- and fine-mode AOD around
20:30 UTC on 20 July. From a typical background value
of 0.05, the fine-mode AOD climbed to 0.6 in less than
2 h before the sun set and continued to rise into the night
when the star photometer measured a peak value of 2.3 at
01:30 UTC. The extreme optical depth of this event inter-
fered with the star photometer’s ability to properly focus on
stars, and therefore permitted only a handful of star photome-
ter measurements during the night. After sunrise on 21 July
(∼ 08:50 UTC) the sun photometer measured a fine-mode
AOD value of 1.0 that then declined throughout the day.
Coarse-mode AOD (not shown) associated with clouds be-
gins to interfere with measurements by 18:00 UTC.

www.atmos-chem-phys.net/14/8449/2014/ Atmos. Chem. Phys., 14, 8449–8460, 2014
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Figure 3. DGS observations of the 20–21 July biomass burning event.(a) Retrieved total and partial columns of CO (in molec cm−2).
Horizontal lines represent typical background total and partial columns of CO at DGS (0–4 km lowest, 4–20 km middle, total column upper).
(b) Fine-mode AOD as measured by the sun and star photometers. The horizontal line represents the typical background fine-mode AOD at
DGS.(c) DRL attenuated backscatter ratio showing vertical distribution of aerosols above DGS.(d) Sensitivity, as a function of altitude, of
the PARIS-IR and DAO-DA8 retrievals of CO to the true profile rather than the a priori profile.

Of particular interest is the onset of the event. The higher
spectral resolution of the DAO-DA8 enables us to retrieve
partial columns of CO from our measurements. In addition
to the total CO column from 0 to 120 km, Fig.3a shows re-
trieved partial CO columns from 0 to 4 km, and from 4 to
20 km. Although the second partial column extends to 20 km,
typical July tropopause heights above Halifax are closer to
12 km, resulting in a sensitivity to CO that is highest be-
tween 4 and 12 km. Lines representing typical background
partial and total column values are also shown in Fig.3a.
There is some evidence of an enhancement of CO in the
mid-upper troposphere column starting at 13:00 UTC on 20
July, although this is made uncertain by an absence of earlier
measurements. Then, at 17:30 UTC, a clear signal of a sig-
nificant mid-upper troposphere enhancement begins that is
not observed in the lower column. This is in contrast to 21
July when we see strong enhancements in both the lower and
upper tropospheric partial columns.

These 0 to 4 km partial CO column observations are
in agreement with the vertically resolved DRL attenuated
backscatter ratio shown in Fig.3c. The backscatter ratio
is derived by comparing the measured lidar signal against
a modelled aerosol-free atmosphere. No significant aerosol
enhancement is seen on 20 July until around 22:00 UTC, at
which point a strong signal appears and persists throughout

21 July. The DRL measurement ends at 22:00 UTC on 21
July when fog and rain moved over the DGS.

There is clear evidence for an enhancement of CO in the
upper levels of the troposphere on 20 July∼ 3 h ahead of the
fine-mode AOD increase, and some indications of a smaller
increase∼ 9 h ahead. These observations suggest the pres-
ence of a high-trace gas/low-particulate plume ahead of an
additional plume with high levels of both particles and gases.
One possible explanation for this observation involves a sin-
gle plume that underwent a change in composition with time.
Alternatively, these observations reflect the overlapping of
two air masses with different histories. We will distinguish
between these possibilities using satellite and aircraft obser-
vations supplemented by atmospheric transport modelling.

4.2 Satellite and aircraft observations

It is important to interpret our column measurements from
the DGS within the context of the larger regional pic-
ture. A variety of different satellite-derived atmospheric
products are available with near-daily global coverage.
Images gathered on 20 July by the MODIS instrument
aboard the NASA Aqua platform (passing over the DGS at
17:50 UTC) show a region of low AOD over Nova Scotia
with significantly higher AODs to both the east and west
of the region (Fig.4). At the same time, the Atmospheric
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Infrared Sounder (AIRS;McMillan et al., 2008), also aboard
Aqua, measured an enhanced total-column CO value of
(2.6± 0.2) × 1018 molec cm−2 over Halifax in agreement
with the DAO-DA8 measurements. CO columns as high as
4.0× 1018 molec cm−2 are seen approaching from the west.
While the satellite measurements broadly support the DGS
observations, they do not provide sufficient vertical informa-
tion.

The BAe-146 ARA in situ measurements gathered 800 km
upwind of the DGS during flight no. B622 on 20 July show
that there were indeed two distinct plumes (in terms of gas
and aerosol concentrations) moving toward Halifax. While
flying west from northern New Brunswick, the ARA per-
formed a sawtooth pattern of profile ascents/descents in ad-
vance of a cold front associated with a surface low. Fig-
ure5a shows the concentration of organic aerosols (µg m−3,
as measured by the onboard AMS) plotted against CO
(ppbv) for an ascent that began at 16:11 UTC at a posi-
tion of 47.7◦ N, 70.0◦ W, at an altitude of 1.9 km and ended
at 47.8◦ N, 71.5◦ W, at an altitude of 7.5 km. Two distinct
plumes of elevated CO are clearly visible in the data: a low
altitude layer between 3 and 4 km, and a thinner layer above
at an altitude of 6.5 km. There is a clear relationship between
CO and organics in the lower plume, while the upper plume
of CO shows little enhancement in organic material. The air-
craft then descended to a position of 47.8◦ N, 72.8◦ W, at an
altitude of 1.9 km and measured a similar pattern of two verti-
cally distinct plumes of CO with drastically different organic
aerosol loadings (Fig.5b). The full track of flight no. B622
is shown in Fig.6.

The contrast of elevated CO concentrations and elevated
organic aerosol mass in the lower plume vs. elevated CO con-
centrations and low organic aerosol mass in the upper plume
supports the theory that the two plumes followed different
paths with different histories, and that the upper plume may
have experienced a lofting event coupled with removal of the
aerosol mass. The ARA measurements are geographically
and temporarily separated from the DGS observations, yet
reflect the regional presence of vertically separated biomass
burning plumes. While we use the ARA flight no. B622 mea-
surements simply to support our theory of two vertically sep-
arated plumes,Taylor et al.(2014) perform a full analysis of
aerosol properties measured in the different plumes aboard
the ARA.

4.3 Trajectory analysis

The HYSPLIT dispersion model was used to locate a prob-
able origin of the two plumes intercepted by the DGS
remote-sensing instruments. The backwards trajectory for
the lower particle-rich plume was initialized at 00:00 UTC
21 July 2011 with an even distribution of particles between
0.5 and 1.5 km to match the observations made by the DRL
(Fig. 3c). The backwards trajectory of the upper-troposphere
particle-poor plume was more sensitive to starting times, so

Figure 4. Satellite observations made during the 17:50 UTC as-
cending pass of Aqua over the DGS on 20 July 2011.(a) Total col-
umn CO measured by the AIRS instrument (Level 3 daily standard
physical retrieval V005) showing a large enhancement approach-
ing the DGS (marked by star near centre of plot).(b) Simultane-
ous 550 nm aerosol optical depth as measured by the MODIS in-
strument showing a region of low-aerosol loading above the DGS.
White regions indicate interference from clouds.

Upper Plume

 

Lower Plume

Figure 5. In situ measurements of organic particulate mass plotted
against CO as measured by instruments aboard the BAe-146 ARA
during(a) an ascent, and(b) the subsequent descent on 20 July 2011
during flight no. 622. Exact locations of the profiles are given in the
text and plotted in Fig. 6. Both profiles revealed the presence of
two vertically separated plumes of CO, and that the upper plume
contained little or no organics.

a series of runs were performed with releases ranging from
14:00 to 19:00 UTC. Although the best timing with DAO-
DA8 measurements did not show strong vertical motions,
backwards trajectories with small changes in start time ex-
hibited rapid lofting of the air mass∼ 24 h before detec-
tion at the DGS. Considering the coarse grid of the NCEP
GDAS meteorology used to advect the particles, we believe
that 15:00 UTC on 20 July is an acceptable initialization time
for modelling the upper-troposphere plume. An even distri-
bution of particles between 7.0 and 9.0 km was used to match
the centre of the CO sensitivity of the DAO-DA8’s upper par-
tial column. Both backwards trajectories were started above
the DGS, and run for 84 h. No deposition or chemical evolu-
tion was considered in these models.

The HYSPLIT model shows that the majority of the
lower plume remained in the lowest 3 km of the atmosphere
throughout the modelled time, and the footprint at−84 h
covers the region of fires in northwestern Ontario (Fig.7).
This is in contrast to the upper plume that is shown to
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ARA Flight B622

3. 4.

Slower lowlevel 
flow to DGS

1.2.

5.

Figure 6. Representative upper plume trajectory from the HYSPLIT model. Particles were released at 18:00 UTC on 17 July 2011 from
54.07◦ N, 96.30◦ W. Also shown is the flight path of the ARA during flight B622 on 20 July 2011. Plume and aircraft altitudes are reflected
by the marker colours. See text for details of plume transport at numbered positions.

have approached from southern Hudson Bay after undergo-
ing a period of intense lofting. This lofting is clearly visible
in the HYSPLIT dispersion model time step shown in Fig.8.
The resulting footprint from the upper plume suggests that
there was little or no contribution from the main Ontario fires,
but a possible contribution from the region of Lake Winnipeg
in Manitoba on 17 July.

Possible fires in this area were identified using MODIS
fire counts from NASA FIRMS. Mid-July conditions in east-
ern Manitoba were hot and dry with a ridge of high pressure
settled over the region. On 16 July, the MODIS instruments
aboard Aqua and Terra first detected fires in the region north-
east of Lake Winnipeg. Many of these fires significantly ex-
panded in both size and intensity over the next 24 h, and the
largest continued to burn until being extinguished by rainfall
on 19 July. This general region (position 1; Fig.6) was used
to initialize a more detailed FLEXPART forward trajectory.
Both HYSPLIT and FLEXPART indicate that the plume re-
mained within the boundary layer for almost 24 h where it
was influenced by easterly winds which carried it away from
the Ontario fires and toward the Saskatchewan border. Fig-
ure 6 shows a single HYSPLIT trajectory that is represen-
tative of the full FLEXPART results. It is important to rec-
ognize that these models are not well suited to accurately
describe transport within the boundary layer. However, there
is a general agreement between the models that the air mass
west of The Pas, Manitoba (53.8◦ N, 101.2◦ W), underwent
∼ 18 h of moderate to strong vertical ascent.

FLEXPART results suggest that dispersion by the vertical
wind shear during the dynamic lofting between positions 3
and 5 in Fig.6 significantly lowered the CO and aerosol con-
centrations within the plume. Additional FLEXPART runs
using particles susceptible to removal via wet deposition

Figure 7. HYSPLIT dispersion model showing location contribu-
tions to the lower plume of trace gas and aerosols observed at
00:00 UTC from the DGS on 21 July 2011. Particles were initial-
ized between 0.5 and 1.5 km above the DGS (marked by red star)
and advected back by 84 h. A significant overlap is observed be-
tween the model footprint and regions of wildland fires in western
Ontario (see Fig. 1). The lower panel shows the vertical distribution
of particles along the red dashed line in the upper panel with the
majority of the particles still in the lowest 4 km of the atmosphere.

show a further loss in particle concentrations during the loft-
ing phase. The now particle-poor plume eventually reached
8 km where it was quickly transported toward Halifax via
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Figure 8. HYSPLIT dispersion model showing location contribu-
tions to the upper plume of trace gas observed at 15:00 UTC from
the DGS on 20 July 2011. Particles were initialized between 7.0
and 9.0 km above the DGS (marked by red star) and advected
back by 36 h. Contributions from below 4.0 km (∼ 70 % of par-
ticles released) are concentrated at the border of Manitoba and
Saskatchewan in the region where reports of smoke were observed.
This time step corresponds to position 2 in Fig. 6. The lower panel
shows the vertical distribution of particles along the red dashed line
in the upper panel.

a strong west–northwest flow driven by an upper-level low
pressure system situated over northeast Hudson Bay.

5 Evidence of precipitation

The HYSPLIT model tracks rainfall along trajectories using
information from the NCEP GDAS reanalysis and shows that
the plume of interest passed through a broad region of pre-
cipitation in northern Manitoba with rainfall rates of 5 to
7 mm h−1 (Fig. 9). A similar analysis shows that the lower
particle-rich plume did not encounter any precipitation dur-
ing transport to the DGS. Very few ground station measure-
ments exist in northern Manitoba to confirm this precipitation
reanalysis, and the region is beyond the range of the nearest
radar station. However, a number of pieces of information
combine to provide evidence for this lofting event.

First, surface analysis charts of this region provided by
Environment Canada’s Prairie and Arctic Storm Prediction
Centre (Winnipeg, Manitoba Office) show the passage of a
small area of low pressure early on 19 July. Station pressure
at The Pas, Manitoba, began falling around 18:00 UTC on 18
July under mostly cloudy skies. The sounding released from

Figure 9. Precipitation rates along the HYSPLIT trajectory shown
in Fig. 6 for the upper, potentially scavenged, air mass. The rainfall
information was derived using the NCEP GDAS reanalysis. Time
on the horizontal axis is measured in hours prior to detection of the
air mass at the DGS. Numbers correspond to HYSPLIT positions
marked in Fig. 6. The same analysis applied to the trajectories for
the lower particle-rich plume does not show any significant precip-
itation along the path (not shown).

The Pas at 00:00 UTC 19 July shows an atmosphere that was
conditionally unstable above 2 km. The Pas weather obser-
vations recorded a temperature of 26◦C and reported smoke
that lowered the visibility below 10 km. Thus, the conditions
were in place for the initial lofting of the biomass burning
plume.

Second, although radar data are unavailable along the
plume trajectory, the radar stations farther to the west in
Saskatchewan and Alberta (see Fig.1) detected the ini-
tial precipitation from a forming mesoscale convective sys-
tem (historical radar data taken from National Climate Data
and Information Archive, Canada). At 00:00 UTC on 19
July a line of thunderstorms, oriented north–south, formed
along an advancing cold front south of Edmonton, AB, and
bloomed in size and intensity while travelling east. The sys-
tem crossed the western border of Saskatchewan around
04:00 UTC 19 July.

Finally, high numbers of lightning strikes associated with
this system were detected by the Canadian Lightning Detec-
tion Network (Burrows et al., 2002). Thunderstorms were ob-
served at The Pas between 07:00 and 09:00 UTC, and a total
rainfall of 11.4 mm was recorded during this event. Other re-
gional stations reported rainfalls between 10 and 20 mm, and
a number of significant weather events were noted in the re-
gion including hail with diameters in excess of 6 cm.

Thus, despite the remote location with its sparse observing
network, it is clear that a convective event with moderate to
heavy rainfall transited northern Manitoba early on 19 July.
The correlation between this rainfall and the trajectory anal-
ysis described above supports the theory that some biomass
burning plumes in eastern Manitoba experienced a period of
precipitation scavenging while being lofted to the upper tro-
posphere.
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6 Conclusions

We provided ground-based remote sensing of trace gases and
aerosols in support of the BORTAS mission during the sum-
mer of 2011. Halifax, NS, was shown to be an acceptable lo-
cation for monitoring the outflow of several biomass burning
plumes during the summer of 2011. The clustering of remote-
sensing instruments at the DGS enabled us to successfully
identify a higher altitude plume of enhanced trace gases with
low amounts of particulate matter that arrived prior to and
overlapped with a lower altitude plume containing significant
amounts of particles.

The presence of this low-particulate concentration plume
was verified by aircraft and satellite measurements; how-
ever, ground-based remote-sensing measurements were suf-
ficient to detect this event. We demonstrated via transport
models and local meteorological data that this plume orig-
inated from fires in Manitoba and very likely experienced
a lofting event associated with precipitation scavenging of
the aerosol mass. We also show that plumes detected at Hal-
ifax from fires in Ontario were not lofted by this system and
retained a significant portion of their aerosol mass during
transport. Thus, what began as similar plumes of biomass
burning emissions evolved under the influences of local me-
teorology into plumes with dramatically different character-
istics.

This work shows that, in order to adequately model the at-
mospheric impact of biomass burning events, it is critically
important to understand the meteorological conditions along
the trajectory and particularly in places where the plume
changes altitude. Future efforts to model the climatic impor-
tance of biomass burning plumes will benefit from an en-
hanced investment in the meteorological observing network
of the Canadian boreal forest.
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