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Abstract. We analyze an extensive record of aerosol smoke(FT) exhibit larger FRP values (1620-1640 MW) than those
plume heights derived from observations over North Amer-remaining within the BL (174-465 MW). Plumes located in
ica for the fire seasons of 2002 and 2004—2007 made by ththe FT without a stable layer reach higher altitudes and are
Multi-angle Imaging SpectroRadiometer (MISR) instrument more spread-out vertically than those associated with dis-
on board the NASA Earth Observing System Terra satel-inct stable layers (2490 m height and 2790 m thickness ver-
lite. We characterize the magnitude and variability of smokesus 1880 m height and 1800 m thickness). The MISR plume
plume heights for various biomes, and assess the contribuelimatology exhibits a well-defined seasonal cycle of plume
tion of local atmospheric and fire conditions to this vari- heights in boreal and temperate biomes, with greater heights
ability. Plume heights are highly variable, ranging from a during June-July. MODIS FRP measurements indicate that
few hundred meters up to 5000 m above the terrain at thdarger summertime heights are the result of higher fire in-
Terra overpass time (11:00-14:00 local time). The largestensity, likely due to more severe fire weather during these
plumes are found over the boreal region (median values ofmonths. This work demonstrates the significant effect of fire
~850 m height, 24 km length and 940 m thickness), whereasntensity and atmospheric structure on the ultimate rise of
the smallest plumes are found over cropland and grasslanfire emissions, and underlines the importance of considering
fires in the contiguous US (median values~d830 m height,  such physical processes in modeling smoke dispersion.
12km length and 550-640m thickness). The analysis of
plume heights in combination with assimilated meteorolog-
ical observations from the NASA Goddard Earth Observ—1
ing System indicates that a significant fraction (4-12%) of

plumes from fires are injected above the boundary layeremissions from fires contribute significantly to the composi-
(BL), consistent with earlier results for Alaska and the Yukon jon of the atmosphere at regional to global scales. A wide
Territories during summer 2004. M(_)st_ of the plumes Iocat_edrange of chemically active trace gases (e.g. CO, non-methane
above the BL £83%) are trapped within stable atmospheric pyqrocarbons, nitrogen oxides) are released during combus-
layers. We find a correlation between plume height and the;gp, (e.g.Goode et al.200Q Andreae and Merlet2007),
MODerate resolution Imaging Spectroradiometer (MODIS) yjth potentially important consequences for the oxidizing ca-
fire radiative power (FRP) thermal anomalies associated Wltrbacity of the atmosphere and troposphericf@mation. In
each plume. Smoke plumes located in the free troposphergqgition, fires are important sources of aerosols, which have
strong radiative effects (e.gorster et al.2007).

The altitude reached by fires emissions is a complex func-
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vertical distribution of emissions near the source, often re-to accurately simulating the transport pathways and chemi-
ferred to as the injection height. For instance, some studiesal evolution of fire plumes. At present, it is unclear how
have shown that smoke plumes from individual fires are of-best to represent the vertical distribution of fire emissions
ten completely trapped within the boundary layer (BL) (e.g.in CTMs because of a lack of data with which to test the
Trentmann et al.2002. In contrast, other studies deter- parameterizations. Often, a constant injection height is as-
mined that major fires can produce enough energy to insumed. In current CTMs, emissions are either released ini-
ject emissions above the BL. Aircraft measurements madaially within the BL (e.g.Lamarque et a).20003 Colarco
over Alaska and Canada detected plumes from boreal wildet al, 2004, released at specified altitudes based on an em-
fires between 2 to 7 km (e.gvofsy et al, 1992 Blake et al, pirical height-fire intensity relationshijp&voue et al.2000,
1994 de Gouw et a].2006.Wildfire plumes can even reach mixed throughout the troposphere (eRiister et al.2006),

the lower stratosphere-(LO km) due to strong convection as- or a pre-selected fraction is released within and above the
sociated with the fires, but such pyro-convective events ardBL (e.g.Leung et al.2007 Turquety et al.2007 Generoso

not common (e.gFromm et al, 200Q 2005 Damoah et a). et al, 2007 Hyer et al, 2007. These later studies had to
2006. Based on three experimental fires and one wildfire,release about 50% of the emissions above the BL to match
Lavoue et al.(2000 showed that plume height is directly downwind observations of CO or aerosols. Recently, some
proportional to the energy released along the flame frontmodeling efforts have been made to embed a sub-grid plume-
the plumes from these fires reached altitudes from 2.2 km taise model scheme into to CMTE1eitas et a].2007 Guan
13km. Emitted trace gases and aerosols that escape the Bit al, 2008, and to consider injection heights derived from
have longer lifetimes, and are subject to long-range transporthe MISR smoke plume height datatkédhn et al (2008, for

with the potential to affect air quality far downwind from the exampleChen et al(2009. However, quantifying and mod-
fire sources. Fire plumes above the BL have been detectedling fire emission heights remains a difficult task, because

over continental (e.gNotawa and Traine200Q Duck et al, of the scarcity of plume height observations for validation.
2007 Colarco et al. 2004, intercontinental (e.gHonrath In this paper, we present a multi-year record of aerosol
et al, 2004 Val Martin et al, 2006 Real et al, 2007, and  smoke plume heights over North America, derived from ob-
even hemispheric (e.pamoah et a.2004 Dirksen et al.  servations made by the MISR instrument on board the NASA
2009 scales. Earth Observing System Terra satellite. These data are

Recently, space-based observations of aerosols have beamalyzed in combination with simultaneous measurements
used to assess the frequency distribution of smoke injecof fire radiative power (FRP) from the MODerate resolu-
tion heights above the BlLabonne et al(2007), using data  tion Imaging Spectroradiometer (MODIS), also on board the
from the Cloud-Aerosol Lidar with Orthogonal Polarization Terra satellite, and assimilated meteorological observations
(CALIOP) on board the CALIPSO satellite, found that wild- from the NASA Goddard Earth Observing System (GEOS).
fire smoke tends to remain within the BL, and lofting of emis- The objectives of this analysis are: (a) to characterize typical
sions above the BL occurs rarely. In contrasghn et al.  smoke plume heights from fires over different North Ameri-
(2008, using data from the Multi-angle Imaging SpectroRa- can biomes; (b) to assess the effect of local atmospheric con-
diometer (MISR) instrument on board the NASA Terra satel- ditions and fire intensity on smoke vertical distribution; and
lite, indicated that about 5-18% of the plumes reached th€c) to determine the seasonal and inter-annual variation of
free troposphere (FT) over Alaska and the Yukon Territoriesplume smoke heights.
in 2004, the altitude of the observed plumes ranged from a
few hundred meters to 4.5km above the terrain. The spa-
tial coverage of MISR’s multi-angle imaging is vastly greater 2 Methodology
than that of the CALIPSO lidar. On the other hand, the
CALIPSO lidar has sensitivity to the vertical distribution of 2.1 Aerosol smoke plume physical characteristics
dispersed aerosol away from sources, where MISR has none.

As a result, CALIOP rarely observes the actual sources obAerosol smoke plume heights from fires over North America
served by MISR, but captures the boundary layer smoke thatvere derived using stereo-height retrievals of wildfire plumes
most fires spread over the surrounding region. Thus, thebtained from the MISR instrument for the fire seasons
disparity between the CALIOP and MISR results is mostly of 2002 and 2004-2007 (15 February 2002 to 15 Novem-
due to differences in the spatial sampling and sensitivity ofber 2007). We chose the years of 2002 and 2004-2007 since
the satellite instrumentsahn et al, 2008, and highlights  they were high fire years (in terms of area burned) in Alaska
the complexities involved when collecting representative fire(2004 and 2005), Canada (2002 and 2004), and the contigu-
plume height data over a variety of locations. ous US (2006 and 2007). These years included very low

Global and regional chemical transport models (CTMs)fire years in Alaska (2006 and 2007) and the contiguous US
have been used to study the impact of fire emissions on atf2004), relatively low fire years in Canada (2005 and 2007),
mospheric composition and air quality. The use of realis-and near average fire years in the contiguous US (2002 and
tic injection heights for fire emissions is thus fundamental 2005). Fire characteristics associated with the plumes were
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obtained from measurements of fire radiative power from
MODIS. The MISR Interactive eXplorer (MINX) analysis
software package was used to retrieve the physical parame
ters and develop the plume height climatology presented in
this work. Because MISR, MODIS and MINX have already
been described elsewhef®iffer et al, 1998 Kaufman et al.
1998 Nelson et al.2008a respectively), only a brief sum-
mary of the most relevant aspects is presented below.

4000

2.1.1 MISR and MODIS overview ook -
The MISR instrument is aboard the NASAs Earth Observ-
ing System Terra satellit®{ner et al, 1998, which flies in

a near-polar, descending orbit with a dayside equator cross
ing of about 10:30 local time. MISR acquires multi-angle
radiance imagery from a set of nine push-broom cameras,
from —70° to +70° viewing angles, in-line with the ground
track of the satellite. The width of the MISR swath common
to all 9 cameras is about 380 km, enabling global coveragd9- 1. Example of a MISR plume over central Alaska in 2002}
every 9 days at the equator and every 4-5 days over the pbd4ISR naFilr V|_S|ble image of the smoke with the aSSOCIate.d MODIS
real forests near 60 Atmospheric and surface property data €rma! fire pixels superposed (red dos), MISR plume with the
are acquired in four spectral bands in each camera: 446, 55 igitized core periphery (green cross symbols). The transport direc-

, . . fon of the plume is shown with a yellow arro{g) Stereo-heights
672, and 866 nm. MISR's multiple view angles allow the re- calculated and superposed on the plume image by the MINX tool;

trieval of cloud, smoke plume, and other aerosol layer heightgq) cross-sectional plot of the wind-corrected stereo-heights as a

above the terrain, as well as motion vectors, using stereofunction of the distance from the fire (blue circles). Terrain heights
scopic methods, with a typical vertical resolution of 500 m are shown as green squares.

or better, and a horizontal resolution of 1.1 km, provided the

cloud or aerosol contains features that can be identified in

the multiple views (e.gMoroney et al.2002 Muller et al, is used by the MINX algorithm to help compute the wind

2002 Kahn et al, 2007). speed. During the analysis phase, MINX automatically com-
The MODIS sensor has middle- and long-wave infraredputes smoke heights, wind speeds and albedos. Fibure

bands designed specifically to observe actively burning firesshows the stereo-height points successfully retrieved within

(Kaufman et al. 1998 Giglio et al, 2003. Fire pixels are  the plume core area.

1km? in size at nadir. In addition, MODIS reports radi-  MINX also reads aerosol properties (e.g. Angstrom expo-

ant energy flux, based on an interpretation of data from twonent, single-scattering albedo) from the MISR aerosol stan-

4 um channels and one 11 pm channel (MODIS bands 21dard product, and total fire radiative power (in MW) and

22, and 31) (e.glustice et a).2002 Kaufman et al.2003. brightness temperatures from the MODIS thermal anomaly

The instantaneous radiant energy flux is derived by matchingroduct. Further details about using MINX and process-

the MODIS measured fire temperatuf@®) and background ing the MISR and MODIS data are given Ielson et al.

2000F

Altitude (m)

1000

okl . . n ;
0 10 20 30 40 50
Distance from plume source (km)

(T4p) at 4 um with a blackbody curve (i.e.3# x 10‘19(Tf— (20083. More examples of digitized plumes can be found
ng), in MW km~2 or MW per pixel;Kaufman et al.1998; in Nelson et al.(2008g. The MINX tool is available at
it is used as an indicator of fire intensity. http://www.openchannelfoundation.org/projects/MINX

In addition to the MINX plume heights, which must be
2.1.2 Smoke plume stereo-height digitization digitized plume-by-plume, there is a MISR standard stereo

height product, which runs operationally on the entire MISR
Smoke plume heights were retrieved using the MINX tool data stream, but does not classify individual aerosol plumes,
(Nelson et al.20083. Plume digitization occurs in several clouds, or other features. The standard stereo product pro-
steps, as shown in Fid. First, MODIS fire pixels are used vides two types of heights: zero-wind and wind-corrected
to locate areas in the MISR field of view where plumes areheights. Zero-wind heights are determined by assuming that
likely to be found (Fig.1a). The MODIS level 2 fire prod- disparities in features observed by the different camera views
ucts from Collection 4 and Collection 5 were used to iden-are caused entirely by the satellite displacement or geometric
tify the fire locations. The source and the boundaries ofparallax. Wind-corrected heights are determined by consid-
each plume, and the plume direction of transport are idenering the additional plume-displacement caused by the wind,
tified by the MINX user who digitizes the periphery of the the speed and direction of which are determined from auto-
plume core with the mouse (Figb). The transport direction mated stereo processing of data from camera tripkeghn
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O7g T B smoke stereo-height data, as bias and errors are inherent in
w061 Zero-Wind Height E the digitizing process. For example, some smoke plumes
c —— Wind-Corrected Height and clouds potentially contain stereo-height retrievals from
2 05} E clouds. Pyro-cumulus clouds intermingled with smoke were
s 1 deliberately excluded, so there may be a bias against cases of
? 041} E pyroconvection. Stereo-height retrievals from thin aerosols
8 and over bright surfaces may be retrieved with low quality.
S 0.3} 3 The wind direction may be determined incorrectly, or the
s ) E wind direction may be along-track, in which case the wind
7 0.2¢ : E speed cannot be accurately derived from the MINX algo-
© 1 E rithm (this limitation does not apply to the MISR operational
Lo01} E stereo product).

ool - ‘M o An important limitation of the MISR plume data is related

to the spatial and temporal systemic bias caused by the MISR
instrument and the Terra orbit. MISR plume height observa-
tions are limited to the Terra satellite overpass time, which is
. . ) - . about 10:30 local time at the equator. MISR overpass times,
Fig. 2. Histogram of wind-corrected (solid line) and zero-wind in the region of this study, range from about 11:10 to 13:45

(dashed line) stereo-height retrievals per plume. A few data pointﬁ i d di | | . Th iqnifi
having more than 750 height retrievals are not shown, to better illus/0C@l M€, depending on plume location. Thus, a significant

trate the distribution of data values (48 wind-corrected and 99 zerodiurnal bias is present in the plume heights; the MISR over-
wind plume heights were eliminated). pass time does not coincide with the late afternoon maximum

of fire intensity Giglio et al, 2006 Ichoku et al, 2008. In
addition, the MISR instrument’s 380 km swath covers North
America every 4-8 days. This results in an under-sampling
of fires, even though multiple plume heights are recorded
from the same fire and day. These potential sources of bias,
and others, are discussed in detailNelson et al.(20089
andKahn et al.(2008, and will be considered in the inter-

0 15 30 450 600 750
Number of Retrievals per Plume

et al. (2007 emphasize that the wind-corrected product is
more accurate, although it provides less spatial coverage.

MINX also provides zero-wind and wind-corrected height
values. Figure2 displays the number of wind-corrected
stereo-height pl_xels per plume o_btamed from MINX, for t.he pretation of the results below.
MISR plume climatology used in this study. The median ; . L : .

; . : In this analysis, to minimize the potential effect of inherent
number of stereo-height retrievals per plume is 33, and about

40% of the plumes have 50 or more stereo-height retrievals:ferrorS and bias, we excluded plumes digitized with poor qual-

. . ity (Nelson et al.2008h. This screening procedure removed
In Fig. 2, we also show the number of zero-wind stereo- X . :
. . : lumes characterized by fewer than four height retrievals,
height pixels per plume, for comparison. Note that becaus . L
. . T hose with less than 10% of the digitized area covered by
MINX involves a human operator, the wind direction is pre-

. . _height retrievals, those with less than & Hifference be-
scribed from the plume morphology, and only the scalar wind L . _
: . tween the plume direction and the satellite along-track direc-
speed is derived.

. tion, and those showing large variability in the stereo-height
The MINX tool also extracts aerosol heights for smoke \5)yes (i.e. when the standard deviation of retrieved heights
clouds, i.e. regions of dispersed smoke that have no cleagjiged by the mean of those values is above 0.45). This
connection to a particular fire. In this case, the sources of the. | ded about 9% and 5% of the MISR digitized smoke
fire(s) (i.e. MODIS fire pixels) are not available and the trans'plumes and clouds, respectively, leaving a total sample size
port direction of the smoke cannot be determined. Henceut 3367 smoke plumes and 243 smoke clouds. Our study
MINX cannot compute the wind speed, and only zero-wind j¢jdes the subset of 664 MISR plumes over Alaska and
heights are retrieved. The smoke cloud zero-wind heights i, ,kon Territories in 2004 analyzed Hgahn et al.(2008.

clude all heights that MINX retrieves successfully, including Figure 3 displays the locations of the smoke plumes and
points very near to or on the ground. To avoid this bias ing|q,ds analyzed in this work.

the data, we removed stereo-heights digitized within 250 m
of the surface (i.e. zero-wind height—terrain heigf250m). 2 1.3 plume height definition
This screening procedure excluded about 25% of the obser-

vations. In this paper, however, we report results from theThe plume stereo-height retrievals show different vertical
filtered and non-filtered smoke cloud heights. Fire propertiesgistributions in the atmosphere, likely as a result of differ-
associated with the smoke clouds are obviously not availablegnt plume-rise dynamicKéhn et al, 2007 Nelson et al.
Using MINX to digitize smoke plumes and clouds is 2008d. The pixels of some plumes are normally distributed,
a relatively simple, if somewhat labor intensive process.whereas others are skewed and present one (or more)
However, caution is required in the interpretation of the modes, in which a large number of pixels are distributed
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asymmetrically or in long tails. We used five definitions of

plume height in the analysis, to determine if our results de-
pended on the definition of the plume height: (1) the best|~
estimated median height for each plume, i.e. median height
after a plane is fitted to all successful height points within the
plume, after removing all points more than 1.5 standard de-| -
viations from the plane, the primary definition adopted by

I

W Tropical Forest
Temperate Forest
Boreal Forest

Kahn et al.(2008; (2) the mode height for each plume, oredi Shrulend
i.e. the 250m bin with the largest number of pixels; (3) | = et
the average height for each plume, i.e. mean height of all

height retrievals within the plume; (4) the individual stereo-
height retrievals for the entire dataset i.e. all pixels from all
plumes averaged together; and (5) the best estimated maXig. 3. Locations of the MISR-derived plume heights over North

imum height for each plume, i.e. maximum height after a America for 2002, and 2004-2007 are plotted as black dots.
plane is fitted to all successful height points within a p|ume]A|SO shown is the spatial distribution of MODIS land cover-based
after removing all points more than 1.5 standard deviationg?iomes.

from the plane. Figurda shows an example for a plume that

is r_10.r|_”nally distributed i_n the yertical, _and highlights four equal spacing of the vertical levels of the model, the atmo-
definitions of plume heights (i.e. maximum, average, Me-spheric stability values were derived using a 3-point central

dian and mode). The best estimated median and maximunjitterence approach centered at the mid-point between the
heights for each plume are aimed at minimizing the potentialse s model levels. that is

bias from cloud contamination.

Other physical characteristics of the plumes considered ing . — M (1)
this analysis are the length and the thickness of the plume. Zi+l =2
The plume length is defined as the distance between the firsﬁ,heregj is the stability at the mid-point of the model lev-
digitized stereo-height retrieval closest to the fire source anck|s ¢ andi + 1), and# andz are the potential temperature
the farthest digitized point (e.g. 52km in Fij; The plume  and altitude respectively at the model levels. The potential
thickness is the difference between the best estimated matemperature was calculated as:
imum height and the height of the lowest observed stereo- p
height (e.g. 3500 m in Figla). 0= T(?")R/Cp, )

2.2 Atmospheric stability conditions in which T and P are the atmospheric temperature and pres-
sure, respectively, at altitude P, is the surface pressurg,
We used the results from the meteorological data assimilatioris the gas constant for dry air, adt), is the specific heat for
scheme from the GEOS model of the NASA Global Mod- dry air (Holton, 1999. Altitude levels were estimated from
eling and Assimilation Office to determine the atmosphericthe pressures at each model sigma layer (calculated from the
stability structure at the locations of the plumes. The originallocal surface pressure) using the US standard atmosphere.
GEOS fields had resolutions of latitude by 1.28 longitude ~ Temperature and pressure were available every 6 h, and these
(GEOS-4) and 05 latitude by 0.67 longitude (GEOS-5) were interpolated to the time of the MISR overpass.
(Bloom et al, 2005 Rienecker et al2008. In this analysis, The height of the stable layer was defined as the height
we used the fields that were archived for running the GEOS-of the first maximum in the atmospheric stability profile,
Chem global model, with degraded resolution &fi@itude  with the requirement that the stability was at least one unit
by 2.5 longitude. The temporal resolution of the data is 6 h (i.e. 1 K k1) larger than that at the layers above and below
(3 h for surface variables and mixing depths). We extractedfor GEOS-4 and three layers above and below for GEOS-
data from GEOS-4 for 2002 and 2004-2006, and GEOS-5%, or one and a half unit (i.e. 1.5 Kkm) larger than that
for 2007. GEOS-4 has 55 vertical levels between the surat the two layers above and below for GEOS-4 and six lay-
face and 0.01 hPa (including 5 levels up to 2km), whereasers above and below for GEOS-5. We used more layers for
GEOS-5 has 72 vertical levels, with 14 levels up to 2km.  GEOS-5 because of its higher vertical resolution. The sta-
To assess the relationship between the vertical distribuble layer height is given above sea level. Figdbedisplays
tion of the smoke stereo-height retrievals and the atmospherithe atmospheric stability profile at the location and time of
structure, we derived the atmospheric stability profiles at thethe plume example in Figla. The height of a distinct stable
location and time of the MISR plume&#hn et al, 2007). layer is noted in Figdb. We considered the depth of the sta-
We considered the atmospheric stability as the change in poble layer to be the difference between the height of the top
tential temperature with heighHblton, 1992. Because of of the stable layer and the height of the bottom of the stable
the coarse vertical resolution of the GEOS data and the unkayer (e.g. 2000 m in Figdb, with the top height of about
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Fig. 4. Example of(a) vertical distribution of stereo-height pixels of a smoke pluthg atmospheric stability anft) potential temperature

profiles at the time and location of the smoke plume. Names to the right of the histogram in (a) indicate the altitudes of four plume height
definitions: “maximum” is the best estimated maximum height, “avg.” is the average height, “median” is the best estimated median height
and “mode” is the mode height. The stereo-height pixels are given in 250 m bins. Horizontal gray lines indicate the stable layer height
(dashed line) and the boundary layer height (solid line); black dots indicate the altitude levels in (b) and the GEOS pressure levels in (c).

5250 m and bottom height of 3250 m). For reference, the pothe Yukon region in 2004 presentedVtazzoni et al(2007).
tential temperature profile with respect to the model pressuréle found that the heights of the BL and the stable layers de-
levels is shown in Figdc. rived from the BRAMS fields agreed well with those from

We used the boundary layer height as an additional indi-the GEOS fields. In addition, we compared the stability pro-

cation of atmospheric stability. We extracted the boundary iles derived from the GEOS-4 meteorological fields to those
layer heights from the GEOS fields. In the GEOS model theof the GEOS-5 original fields with higher horizontal and ver-

height of the BL is given above the surface, and is definedtical resolution (0.5x0.67 and 72 vertical levels), for the
as the height of the lowest layer in which the heat diffusivity PlUMe data in 2006. Our work used the GEOS-4 and GEOS-
falls below 2n?sL. If the heat diffusivity in the layers is 2 fields with resolution of 2x2.5°, as noted above. This

~1, GEOS sets the BL height as the height of test showed that in general the stability profiles derived from

less than 2 rhs h fiel Il with those f
the surface layericchesi 20079, Figuredb shows the al- the GEOS-5 0.5x0.67 fields agreed well with those from

titude of the BL as defined by GEOS. In this case, the BL isthe GEOS-4 and GEOS-522.5’ fields, although small dif-

plotted above sea level for consistency with the stable layef€r€nces were apparent: BL and stable layer height medians
height. The BL heights are provided every 3 hours, and thesé/er® 1260m and 2600m for GEOS-#(2.5°), whereas
were interpolated to the time of the MISR overpass. As al'€y Were 1460m and 2410m for GEOS-542.5") and
result of the disparity between the GEOS definition of BL 1500M and 2340m for GEOS-5 (060.67). The dif-
height and our definition of the stable layer height, in some€"€NCe in the resuits is mainly caused by the higher verti-
cases the stable layer height is lower than the BL height. Thi¢2! fésolution in GEOS-5 compared to GEOS-4, rather than
type of atmospheric structure is unrealistic, and we excludedn® higher spatial resolution. However, this difference does

these cases from the analysis. This resulted in the removal di°t @Ppear to significantly affect our major results: if we
about 7% of the plume cases studied in Se&&®.2and3.3  US€ GEOS-5 (0:5¢0.67), the relationship between plume
] _ height and atmospheric conditions does not change signifi-

by 2.5 longitude with 6 h (and 3 h) time steps, as this is

the typical spatial and temporal resolution used in global

CTMs. The coarse spatial resolution may introduce uncer3 Results and discussion

tainty in the atmospheric stability calculation. The stabil- ) ]

ity profiles derived from GEOS data were compared to thosg-igure 5 presents an overview of the five years of MISR
from a high-resolution model, the Brazilian adaptation of the Soke plume and cloud heights. All median heights above
Regional Atmospheric Modeling System (BRAMS)i¢lke the terrain observed by MISR are shown as a time series, and
et al, 1992 Cotton et al, 2003 Sanchez-Ccoyllo et al. bar plots represent the distribution of the data by season and
2006 applied to North America, as describedMiller etal. ~ Year.

(2008. This test was conducted by F.-Y. Leung (unpub-

lished results) for the original 77 plumes from Alaska and
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Fig. 5. Time series of plume heights observed by MISR over North America in 2002, and 2004—-2007. Each data point represents the median
height above the terrain for smoke plumes (in blue circles) and smoke clouds (in black triangles). Bar plots indicate the distribution of the
smoke plume data for each season and year. The medians (red circles) and the means (black squares) are shown along with the central 67
(light blue box) and the central 95% (thin black lines). The number of observations (in black) and the median heights (in red) included in

each distribution are given at the top of the plot.
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Fig. 6. Distribution of the median height above the terrain for smoke plumes in each biome (see Ffgursgpatial distribution of the
biomes). Bar plots indicate the distribution of the data. The medians (red circles) and the means (black squares) are shown along with the
central 67% (color coded box) and the central 95% (thin black lines). Data that fall outside the bar plots are plotted with black circles.

Significant variability is apparent in the data. A large num- Tablel summarizes the statistical parameters for the heights,
ber of factors may influence the plume height of smoke fromlengths and thicknesses for all the plumes in each biome and
fires. We analyze several aspects of the data: the elevatiofor all observations.
of smoke above different biomes in North America, the rela- )
tionship between plume heights and atmospheric conditions, "€ MISR plume heights range from a few hundred me-
the relationship between plume height and fire characterist€rs above the terrain to a maximum of about 5000m. The
tics, and the seasonal and inter-annual variability of plumehighest-altitude smoke plumes were detected over the bo-
heights. These factors are not mutually independent, but prot€@l biomes, with median heights of about 850 m, whereas

vide a framework for the discussion. the lowest median heights of about 530 m were found over
cropland and grassland biomes in the contiguous US. Sim-
3.1 Plume heights of fire smoke emissions ilar conclusions are found with other definitions of plume

height. For example, the highest and lowest medians of the
Figure6 displays the distribution of median heights above the maximum plume heights were detected over boreal forests
terrain for smoke plumes in eight biomes for the five years(~1200m) and croplands~800 m), respectively. As ob-
of the study, and Fig3 shows the location of the biomes. served by MISR, smoke plumes over the boreal region were
We used the MODIS land cover map ak1 km resolution  largest, with length and thickness median values of about
(Friedl et al, 2002 to classify the MISR plumes in eight 24km and 940 m, respectively, whereas plumes over crop-
biomes: seasonally-dry tropical, temperate and boreal forland and seasonally-dry tropical forest were smallest, with
est, boreal and non-boreal shrubland, boreal and non-bore&ngth and thickness median values of 12 km and 550-640 m,
grassland and cropland. These biomes were chosen to allovespectively. Variability in the observed plume heights and
significant numbers of plumes in the subsets for all yearsshapes is the result of many factors, as plumes can be influ-
while providing regions having different fire characteristics. enced by the type of burning (e.g. prescribed burns versus
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Table 1. Summary of statical parameters for the MISR plume physical characteristics for each biome and for all obs&rvations

Biomes Plume Median Height (m) Plume Length (km) Plume Thickness (m) N
Meant SD Median Mearr SD Median MeanSD Median

Trop Forest 744438 659 15.211.0 12.1 752+514 639 230
Temp Forest 781544 642 22.918.8 17.6 828t653 669 399
Boreal Forest 1040646 879 29.622.1 235 110703 952 872

Boreal Shrub 961558 826 29.8:19.7 23.6 1056638 931 1095
Non-Boreal Shrub ~ 918:650 730 19.317.4 14.2 883t752 685 340
Boreal Grass 969538 830 25.614.9 23.7 1068603 940 91
Non-Boreal Grass 776755 510 22.915.1 19.3 763t677 531 90
Cropland 691408 558 14.58.3 12.3 625+468 547 158

All plumes 9224586 771 25.419.8 20.0 970670 835 3367

@ Reported are mean and standard deviation (SD), median, and number (N) of plume median height (m), plume length (km) and plume
thickness (m).

0.207 - Medi;n Height 1 3.2.1 Plume heights relative to boundary layer height
8 | — Mode Height 1
o) —y ':.‘;'i%m ] An analysis of the MISR observations from Alaska and
S 0.15 — Ind Height e 7 Yukon Territories in the summer of 2004 showed that 5-18%
02) 5 1 of the plumes were above the BKghn et al, 2008. Here
F4 H 1 we assessed the fraction of plumes that inject smoke above
O 0.10+ B the BL for the entire five years of data, using BL heights
5 a 1 from the GEOS fields. The difference between the smoke
c - plume heights and the BL height (Plume-BL height) was de-
2 0.05- termined for five definitions of plume height, as described in
g L Sect2.1.3
& i Figure 7 shows results for 2002 as an example. The his-

0.00[ tograms of (Plume-BL height) are very similar for the me-

' A 9 0 2 4 dian, mode, and average heights, as well as for the individual

P heights, with a small tail of the distribution showing plume
Height-BL (km) heights above the BL. A larger fraction of the maximum

Fig. 7. Histogram of (Plume-BL height) for the 2002 North Amer- p:u:_n?_ helgfhtﬁ Zri. a_?_ove thfe I|3L. Ta;?l_eug;nanzei S|m|Ia[r
ica plumes for five definitions of plume height: best estimated me-Statistics orall definitions of pilume height for €ach year. 1a-
dian height (black), mode height (red), average height (blue) andP'e 2 also includes the statistics for the smoke cloud heights.

best estimated maximum height (green), for each plume, and alFollowingKahn et al(2008, a smoke plume or cloud is con-
individual smoke height retrievals (purple). sidered to be in the free troposphere with high confidence

when the (Plume-BL) height difference is500m, to ac-

count for errors in both the MISR heights and the GEOS BL
wildfires), the type of fuel loading in a given biome, fire heights. This criterion was designed to be conservative and,
weather conditions (e.g. fuel moisture content), time of ob-as a consequence, may omit some observations in the FT.
servation since ignition and meteorological conditions (e.g.For reference, we also include in Taleesults when the

Lavoue et al.200Q Trentmann et al.2006 Luderer et al.  (Plume-BL) height difference exceeds zero.
2006 Freitas et a].2007). Table2 shows that for any given year, the median, average,
. ) ) and mode of the plume heights give similar results, in terms
3.2 Relationship between plume height and of both the peak of the distribution of (Plume-BL height) and
atmospheric conditions the fraction of plumes above the BL. Depending on the year,

each of these definitions of plume height shows that the peak

We first examine the relationship between smoke plume o ey by the median of the histogram) is 0.32-0.53 km be-

heights and boundary layer height. Second, we investigat ow the BL, and that 4—12% of the plumes are above the BL.

the dependenge of thg smoke plume vertical distribution on, ¢ expected, a higher fraction of maximum plume heights
the atmospheric stability.

are above the BL, 15-28%. Similarly, a higher percentage of
the individual height pixels in all plumes are above the BL
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Table 2. Summary of the MISR smoke height statistics for 2002, 2004—-2007 over North Aferica

Smoke Plumes Smoke
Distribution 2002 2004 2005 2006 2007 Clofids
Median—PBL
Median -0.32 -032 -047 -0.38 -0.48 -0.140.34)
% >0km 32 25 18 29 22 46 (40)
% >0.5km 10 7 5 12 7 35(32)
N 404 1074 919 437 533 227
Mode—-PBL
Median -0.34 -0.36 -048 -0.39 -053 -0.22(0.41)
% >0km 30 24 17 27 21 47 (39)
% >0.5km 11 7 5 9 8 36 (30)
N 404 1074 919 438 533 227
Avg—-PBL
Median -0.32 -032 -047 -0.39 -0.48 —-0.13(0.34)
% >0km 30 24 16 28 20 45 (41)
% >0.5km 11 6 4 10 7 34 (29)
N 404 1074 919 438 533 227
Max—PBL
Median -0.2 0.01 -0.17 0 -0.19 1.4 (0.39)
% >0km 55 50 38 50 40 86 (61)
% >0.5km 25 23 15 28 18 71 (48)
N 404 1174 919 438 438 227
All Ind—-PBL
Median -0.32 -0.22 -0.43 -0.03 -0.24 0.45 ¢0.17)
% >0km 34 36 23 48 38 62 (46)
% >0.5km 14 16 9 25 17 49 (36)
N 56477 98813 83111 33591 34323 66929 (90714)

@ Reported are median (in km), number (N) of MISR observations and percentage of plumes above-Blk(f) and above 500 m from
the BL (%> 0.5 km).
b Smoke cloud data is reported for filtered and non-filtered (in parentheses) (see text for explanation).

(9-25%). An additional 12—22% (for the median, mode and It is important to note that the digitization protocol used
average height definitions) and 22-30% (for the maximumfor the MINX analysis intentionally excluded pyro-cumulus
height definition) of the plumes are located between the BLclouds, which could lead to significantly higher plumes trig-
and 500 m above. Overall, our results are consistent witrgered by the additional buoyancy from water vapor conden-
those ofKahn et al.(2008 for the 2004 fire season over the sation. Hence, some plumes injected above the BL may not
boreal region (5% above the BL for the median heights andbe captured in this data-base. This source of bias is not ex-
18% for the individual height pixels), and indicate that an im- pected to significantly affect the results, as pyro-cumulus
portant fraction of smoke plumes from the fires are injectedclouds develop fully late in the afternooffrébmm et al.
above the BL at the time of the MISR overpass. As noted2005 Damoah et a).2006, after MISR overpass time. Vi-

by Kahn et al.(2008, the best estimated median height (and sual inspection of the digitized MISR plumes in Alaska and
similarly, the mode and average) is a more conservative defthe Yukon Territories for 2004 showed pyro-cumulus to be
inition of each plume height, as it reduces the importance ofpresent in less than 3% of the plumes for which the smoke
larger plumes and eliminates potential impacts from cloudsreached above 5500 iiélson et al.20081).

that may be present above the smoke. Since the plumes are
typically 835 m thick (median of all plumes in Takllg using

the strict criterion of 500 m implies that the entire thickness
of the plume is, on average, well above the BL or, in other
words, that a substantial amount of the smoke from thes
plumes gets injected into the FT.

We evaluated the dependence of the fraction of plumes that
inject smoke above the BL on the biome and fire season, as
shown in Fig.8 for the average of the mean, median, and
mode heights. The figure includes the maximum of the frac-
fion derived from the maximum and individual heights. It
is clear that the fraction of plumes in the FT varies substan-
tially from year to year within most biomes. For example,
in shrubland biomes over the contiguous US the fraction in
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Fig. 8. Percentage of plumes above the BL for each year and biome. Bar plots indicate the mean of [Plume-BL>9ehdtmt] for

the median, mode and average heights, i.e. the mean of these statistics is shown; vertical black lines connect each mean to the maximur
between the maximum and individual [Plume-BL Heigh€].5 km values, i.e. the largest of all statistics calculated (see text for explanation).
Distributions having fewer than 15 plumes are omitted.

the FT ranged from an average of 3% in 2004 to 25% inyounger plumes may reach higher altitudes later in the day,
2002. This variability is associated mainly with year-to-year as the fire intensity increases in the late afternoon over North
variations in fire intensity, as discussed in S8c4..2 America Giglio et al, 2006 Ichoku et al, 2008 and advec-

A relatively large fraction of plumes are above the BL tion driven by atmospheric processes has time to act on the
in some years over grass|ands and Crop|ands (eg 13% iﬁmOke. Itis interesting that the results from the smoke cloud
2006 over boreal grasslands). This larger fraction may beanalysis are more consistent with previous modeling stud-
caused in part by the limited number of observations. TheieS, which showed that about half of fire emissions need to
techniques used here to detect plumes have greater sensitif€ injected above the BL to match CO and aerosol observa-
ity over dark surfaces such as foredte(son et al.2008p.  tions (e.gTurquety et al.2007 Leung et al.2007 Generoso
For example, the number of plumes successfully digitizedet al, 2007). We emphasize that the MISR smoke cloud ob-
over boreal forests was 10 times larger than over grassland if€rvations — a relatively small dataset — may be biased to-
the contiguous US, even though fires are easily detected byrards dense smoke as it is easier to visualize by the MINX
MODIS over cropland and grassland in the US (échoku software operator, and that smoke cloud heights have larger
et al, 2008 Pu et al, 2007. However, the smoke from uncertainties (up to 1 km) than the smoke plume heights, as
fires over these biomes sometimes breaks through the Bithe former are not corrected for wind speételson et al.
and reaches high altitudes, as recently demonstrated in a#0080.
analysis of Australian grassland fires using the more sensi: . . :
tive MISR research stereo-height retrieval algorithm, rather3'2'2 Ifelatlo;:shllp ?eé\{\llf[:en plume height and
than the MINX tool Mims et al, 2010. atmospheric stability

As noted in Sec2.2, we evaluated the dependence of the Kahn et al.(2007 showed that aerosol plumes tend to con-
results on the resolution of the GEOS mete0r0|ogical ﬁeldSCentrate within stable |ayer5, regard|ess of the mixing mecha-
for the plume data in 2006. We found that the fraction of nisms. Their work examined case studies of wildfire plumes,
the plumes that inject smoke above the BL does not changgs well as dust plumes and the plume from a volcanic erup-
significantly: the percentage of the plumes located above thgion. We analyzed the relationship between atmospheric sta-
BL in 2006 is 12—-28% for GEOS-4 {X2.5°) (median and  pjlity and the MISR smoke plumes for the entire five-year
maximum heights; Tablg), whereas it is 9-22% for GEOS-  (ataset, and found that 86% of the plumes had stable layers
5(0.5x0.67 and 2 x2.5). associated with them; an example is shown in Big.For

Table 2 also shows the heights of smoke clouds derivedthose plumes above the BL, less than 17% did not present a
from MISR observations relative to the BL. Smoke clouds distinct stable layer. We expand here on previous work and
generally represent a later stage of evolution of the smokeénvestigate the degree to which the presence of stable layers
from fires, i.e. smoke that might have been lofted by advec-in the atmosphere modulates the vertical distribution of the
tion or by convection unrelated to the fire itself, and possi-plumes. For this purpose, we divided the plumes located
bly transported some distance from its source regiteigon  above the BL into two categories, those plumes with dis-
et al, 20083. Table2 shows that a larger fraction of smoke tinct stable layers present (i.e. “with stable layer”) and those
clouds reached the FT than smoke plume8%% versus 4— plumes without or with very weak stable layers (i.e. “without
12% for the averaged-type height definitions, and 71% verstable layer”). Tabl& summarizes the statistical parameters
sus 15-28% for the maximum height definition). It is likely for each distribution for the median plume heights, all the
that the smoke clouds are higher than the plumes because thiedividual height retrievals and the thickness of the plumes.
latter are fresh emissions, and fires are not at their maximunfror comparison, we also show the distribution of heights lo-
intensity at the time of the MISR overpass. Smoke from thecated within the BL (i.e. [Plume—BL height]250 m).
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Fig. 9. Distribution of plume median heights (light red) and individual heights (light blue) located in the FT (see text for explanation) for
plumes with stable layers. The medians (red circles) and the means (black squares) are shown along with the central 67% (light blue or red
box) and the central 90% (thin black lines). The percentage of observations (in black) and the median height(in km; red) included in each
distribution are given above the bar plots.

Table 3. Statistics of plume height and thickness distribution above and below the boundafy layer

Plume Median Heights Individual Height Retrievals Plume Thickness
MeantSD  Median N Mead:SD  Median N MeadSD  Median N

Above BLP:

w/Stable Layer 1986696 1880 186 237757 2280 35173 1879899 1800 186
w/o Stable Layer 2580815 2490 38 2646957 2620 7253 24961150 2790 38

Below BLP 673+342 591 2032 733392 642 158600  76&508 664 2032

@ Reported are mean and standard deviation (SD), median, and number (N) of plume median heights, individual height retrievals and plume
thickness, in meters.
b“Above BL” are observations when (Plume-BL heigh§00 m; “Below BL” are observations when (Plume-BL heighZp0 m.

We find that the mean height of plumes without stable bution of (Plume-stable layer height) in 2006 is 0.1 km for
layers is about 600 m higher than those with stable layersGEOS-4 (2 x2.5°) (Fig. 9), whereas it is 0.0km and 0.3 km
~2600 m versus-2000 m. A nonparametric Wilcoxon Sum- for GEOS-5 (2x2.5°) and (0.5 x0.67), respectively.
rank and a Student t-test indicated that the two distributions Table 3 indicates that plumes with stable layers exhibit a
and their means were significantly different at the 0.01 levelmedian plume thickness of 1800 m, whereas plumes without
of significance. Similarly, the difference in the individual stable layers are more spread in the troposphere, with a me-
height retrievals was about 350 m, and this difference is alsalian thickness of 2790 m. Since the depth of the stable layers
statistically significant. These results confirm that once theis typically 1877 m (median for all stable layers), it is clear
smoke from the fires reaches the FT, the ultimate plume risehat smoke plumes observed in the FT tend to remain con-
is dominated by the presence of stratified layers in atmo{ined within stable layers of the atmosphere when they are
spheric stability, as proposed Bghn et al.(2007). present.

To verify that the presence of stable layers was responsibl§.3 Dependence of plume height on fire characteristics
for the lower heights of these plumes compared to those with-
out such layers, we examined the difference between the maA/e examined the relationship between MODIS FRP (i.e. a
dian height of each plume and the altitude of the correspondmeasure of the intensity of the fire) and the MISR plume
ing stable layer. The results are shown in BigThe median  heights, as shown in Fid.0 for the entire data set. It is ap-
of these distributions of (Plume—stable layer height) is in theparent that smoke plume heights are related to fire intensity
range—0.4 to 0.3km. Similar results are found if we use in this log-log plot, but there is significant scattef & 0.2).
the individual pixel heights. As discussed in S&® these  Similar relationships were found for each of the eight biomes
results are independent of the GEOS meteorological fieldeonsidered in the study. Several factors may contribute to this
used in the analysis. For example, the median of the distrivariability.
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Fig. 10. Relationship between MISR median plume heights and _. . . .
: o i} Fig. 11. Relationship between MISR observed medium plume
MODIS total fire radiative power (FRP) for the 5-year data set. The heights and MODIS total fire radiative power i) observations

regression line was calculated using a geometric mean (reduced ma- . . . .
jor axis) two-sided regression techniqugérs, 2007). in shallow BL, (b) observations in deep BI(¢) observations in FT

with stable layer andd) observations in FT without stable layer.
(See text for explanation.) Regression lines for correlations with
2 below 0.2 are not shown. The slope was calculated using a ge-
The MODIS FRP values associated with the MISR plumesometric mean (reduced major axis) two-sided regression technique
are measures of instantaneous fire radiative power, and the$évers 2001). Numerals in dark gray indicate the mean (median)
FRP values may not represent the full dynamic state of theOf the MODIS FRP observations (MW) for each distribution.
plume (Nelson et al.20083. Based on the wind speed deter-
mined from the MISR data and assuming a constant rate of
transport after formation, a typical time for the developmentplumes reaching the FT exhibit larger fire intensities than
of the MISR plumes analyzed here is about 2 h (median forthose located within the BL, with the median about 446—
all plumes). Thus, a mismatch in MISR-MODIS timing can 553 MW higher. In addition, this analysis indicates that the
affect the plume height-FRP relationship. Also, the presencelepth of the BL and the existence of stratified layers in the
of dense smoke may lead to underestimates of the FRP vahtmosphere influence the plume height, independent of the
ues, and the FRP depends on the emissivity assumed in thfee intensity. For example, Figlla and b show that no
retrieval, which may vary depending on the fire dynamicscorrelation exists with MODIS FRP for shallow BL heights
(e.g. smoldering versus flamindgighn et al, 2007). (r°<0.1), whereas a better correlation is present for plumes

The atmospheric structure affects the ultimate plume riseVith deeper BL.he'Qhw@:O'z) - Similarly, Fig.11c shows
as shown in Sec8.2.2 To assess the effect of atmospheric that no correlation is found for the plumes located in the FT
conditions on the relationship between MODIS FRP andWith azstable _Iayerr(2<0.1), whereas a fairly good correla-
MISR plume height, we analyzed subsets of the data, taktion (-“=0.5) is found for those plumes in the FT without a
ing into consideration the depth of the BL and the presencdlistinct stable layer (FidL1d). Thus, the depth of the BL and
of stable layers. Figuril displays the results for four cases: the presence of a stable layer influence the plume heights,
plume observations within a shallow BL (i.e. BL1000 m) a}nd are partially responsple for the yar_|ab|I|t¥ in the rela-
and within a deep BL (i.e. B 1500 m) and observations in 10nship between plume heights and fire intensity.
the FT with the presence of a distinct stable layer and with- A preliminary study byl avoue et al (2000 proposed a
out or with a very weak stable layer. The mean and mediarlinear relationship between fire intensity and plume height.
MODIS FRP is given for each case. It is clear that thoseHowever, their conclusion was based on observations of four
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Fig. 12. Seasonal cycle of MISR plume median heights above the terrain (in solid black circles) and MODIS FRP (in solid red sqgayes) for
boreal forest(b) boreal shurblandc) boreal grasslandd) temperate fores{e) temperate shrubland aiff) seasonally-dry tropical forest.

All years are included, and symbols represent monthly median values and vertical bars indicate the 10th and 90th percentile. Distributions
with fewer than 15 points are omitted.

fires, and the fire intensity values were derived empiricallymonth. It is evident that there is a pronounced seasonal cycle
from data for fuel consumption and the rate of fire spread.of plume heights over the boreal biomes, with a minimum
The extensive data set analyzed here shows the importanad the median plume heights of 400—650m in September—
of both fire intensity and stability of the atmosphere in deter-October and a maximum median of 1000-1400 m in May—

mining the plume height. July. Similarly, Fig.12d—e show a clear seasonality in for-
o _ est and shrubland biomes over the US, with minimum me-
3.4 Temporal variability of plume heights dian heights of 400-800 m in October-March and maximum

] ] ] ... median heights of 900-1150m in June—August. In con-
Here we examine the _seasonallty and inter-annual vgnabﬂnywast' over the seasonally-dry tropical forests, plumes were
of the MISR plume height and the MODIS FRP for different yetected in significant numbers only during the dry season
biomes. This analysis uses the median heights of the individg¢ March—June. with no seasonal variation (Figf). The
ual plumes. median FRP was relatively low, 50-90 MW in these four
months. In some cases the monthly medians may be in-
fluenced by the limited number of observations available

Figure 12 shows the annual cycle of plume heights and " @ 9iven year. For example, monthly median values of
MODIS FRP for biomes with more than 20 observations perplume heightand MODIS FRP over temperate forests in June

3.4.1 Seasonal variation
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biomes andb) temperate biomes. Symbols represent monthly me-
dian values and vertical bars indicate the 10th and 90th percentile.
that the maximum peak of fires occurs in June and July
(Stocks et a.2003 Kasischke et al2005 Pu et al, 2007).
(950 m and 750 MW) were much higher than in July—August ~ Seasonal changes in plume height may also be influenced
(~800 m ancd~200 MW) because observations in June wereby the seasonality in BL heights and in the occurrence of
dominated by 11 fires detected over Colorado, Oregon andtable layers. Figuré3a—b show a distinct seasonal cycle
Arizona in 2002, which were very intense as a result of un-for the BL and stable layer heights (those above the BL) at
usually strong drought condition3lfe Wilderness Society the locations of the MISR plumes for boreal and temperate
2003. biomes (i.e. forest, shrubland and grassland for each). The
In Fig. 12a—f, the MODIS FRP shows a similar seasonal BL height and, similarly, the stable layer heights are mostly
cycle to that of the plume heights in all the biomes except thedriven by the surface temperature, which is closely related to
seasonally-dry tropical forest. Not surprisingly, the annualthe solar intensity cycleStull, 1988.
variation of plume heights seems to be driven to a large extent Figure14a—b shows that the fraction of plumes above the
by the annual cycle of fire intensity. BL over both boreal and temperate biomes exhibits a sea-
Several earlier studies found a seasonal variation in fire in-sonal cycle similar to that for the plume heights themselves,
tensity over North America (e.@siglio et al, 2006 Ichoku  with the highest fraction of plumes above the BL in May—
et al, 2008 Zhang and Kondragunt2008 Pu et al, 2007). July and June—-August, respectively. Thus, the seasonality in
For example, based on multi-year FRP fluxes from thethe BL height is not the major factor driving the seasonality
MODIS instrument on the Aqua satellitehoku et al (2008 in plume height, implying that the seasonality in fire intensity
showed that the months with peak fire intensity are June-plays an important role.
August over Alaska and Canada, and May—October and Fire intensity is well recognized to be driven by fire
March—May over the western US and Mexico, respectively;weather conditions (e.d.obert and WarnatzZ1993. In the
no distinct peak months were detected over the eastern anldst decades, great efforts have been made to develop systems
central US, most likely because of the predominance of prethat use fire weather parameters (e.g. fuel moisture, relative
scribed agricultural fires over these regiodkgng and Kon-  humidity, temperature, wind speed) to predict fire behavior
dragunta2008. Similarly, based on records of area burned (e.qg. rate of initial fire spread, head fire intensity) (&/an
and number of fires over North America, it has been shownWagner 1987 Burgan et al. 1997). Based on a large fire

Atmos. Chem. Phys., 10, 149151Q 2010 www.atmos-chem-phys.net/10/1491/2010/



M. Val Martin et al.: North American smoke fire plume heights 1505

_ 2500 @ 2002 ‘ ‘ ‘ ]
- m 2004 E
§ 20005 | 2005 7
c = 2006 =
.% ]5005 m 2007 3
T 1000 —
% F =
S 500? E
O, ) ) ) |

Tropical Temperate Boreal

Forest Biomes Biomes
g C ]
S 1000 = 3
a F T 3
o F 7
o C ]
w - —
2 1002 . E
: :

10 ‘ ‘ ‘
Tropical Temperate Boreal
Forest Biomes Biomes

Fig. 15. Inter-annual variability ofa) MISR plume median heights above the terrain @ndMODIS FRP, for seasonally-dry tropical forest,

and temperate and boreal biomes. Bar plots indicate the distribution of the data for each year. The medians (black circles) and the mean:
(gray squares) are shown along with the central 67% (color coded box) and the central 95% (thin black lines). Distributions with fewer than
25 data points are not shown. Note that year 2003 is left as a blank gap in the plot.

weather dataset over Canada, and using the Canadian Firaial median MISR height values. However, this inter-annual
Weather Index (FWI) modelAmiro et al. (20049 showed MODIS FRP-MISR height relationship is not apparent for
that the maximum fire intensity (defined as head fire inten-the temperate biomes.

sity, MW m~1) tends to peak in June-July over the boreal One might expect that those years with the largest fire
cordillera and taiga shield ecozones (i.e. the regions wheréntensity would coincide with the most active fire seasons.
most of the MISR plumes are located over Canada). The inHowever, this is not the case. According to the US and
creased fire intensity over these months is the result of arfCanada National Interagency Fire Centettif://www.cidi.
increase on both the total fuel available to burn and the ini-org/wildfire and http://www.ciffc.c§, the most active fire

tial spread index, which are functions of temperature, windseasons were years 2006 and 2007 over the contiguous US,
speed, relative humidity and rain accumulation. Similar re-with about 3.9 and 3.6 million hectares burned, respectively,
sults appear in our preliminary analysis of fire weather in-and 2004 over Alaska and Canada, with about 6.0 million
dexes using the Canadian FWI model at the location of thehectares burned. The mismatch among area burned, MODIS

MISR plumes. FRP and MISR plume height is not surprising. Area burned
is reported as totals by state or province, and the MISR plume
3.4.2 Inter-annual variability climatology, although extensive, does not include plumes

from all seasons and regions, as noted above. In addition,
Figure 15 displays the inter-annual variability of plume large, intense fires typically develop during late afternoon

heights over seasonally-dry tropical forests, and temperatéP@moah et a.2009, and plumes from these fires are not
and boreal biomes. This classification captures approxi&/Ways observed by MISR.

mately the variability of fires over Mexico, the contiguous

US, and Alaska and Canada, respectively. The inter-annuaj Summary and conclusions

variability of MODIS FRP is also shown in Fig.5b. From

Fig. 15a, itis clear that the plume heights vary from year-to- Opservations of aerosol plume heights and fire radiative
year over the boreal and temperate biomes, as mentioned ifjower made from the MISR and MODIS instruments, re-
Sect.3.2.1 with all percentiles and medians larger in 2002 spectively, over North America during five burning seasons
and 2006. In contrast, no inter-annual variability is observedwere used to characterize the magnitude and variability of
over tropical forests. Figur&Sb shows a direct relationship  smoke plume heights over various biomes, and to assess the

between the year-to-year changes in plume heights and i@egree to which local atmospheric and fire conditions con-
the MODIS FRP over the boreal region: the highest annuakribute to this variability.

median MODIS FRP values coincide with the highest an-
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Analysis of the MISR plume climatology shows that stable layer depth is 1877 m, similar to the plume thickness,
plume heights are highly variable over different North Amer- and the median of the (plume-stable layer height) distribu-
ican biomes, with heights ranging from a few hundred metergion was near zero, these results confirm that smoke plumes
up to about 5000 m above the terrain, when observed betend to get trapped within stable layers in the FT when they
tween 11:00 and 14:00 local time. The highest and largesare present, as proposed Kghn et al.(2007).
plumes were detected over the boreal region (median val- The MISR plume data reveal the presence of a well-
ues of~850m height, 24 km length and 940 m thickness), defined seasonal cycle in the plume heights in boreal and
whereas the lowest and smallest plumes were found ovetemperate biomes, with larger heights during the summer
cropland and grassland fires in the contiguous US (mediammonths. The higher plumes in summer were not simply a re-
values 0f~530 m height, 12 km length and 550-640 m thick- sult of higher BL heights, as the fraction of plumes above the
ness). Using GEOS BL heights, we determined that 4-12%BL tends to be larger in summer. Using MODIS FRP mea-
of the plumes were injected above the BL (i.e. Plume-BL surements, we determined that larger summertime heights
height > 500 m), depending on the year; an additional 12—were the result of higher fire intensities. We attributed the
22% of the plumes were located between the BL and 500 mincreased fire intensity during these months to more severe
above. The fraction of plumes above the BL varied substanfire weather Amiro et al, 2004. The inter-annual variabil-
tially from year to year within each biome. This result is con- ity of plume heights is also related to changes in fire intensity,
sistent with that oKahn et al (2008, in which 5% of plumes in particular in boreal biomes. As a result of climate change,
were injected above the BL over Alaska and the Yukon Ter-more frequent and more severe wildfires are expected, which
ritories in 2004, and indicates that an important fraction of may result in an increase in wildfire emissio&dcks et al.
smoke plumes from the fires was injected above the BL at1998 Flannigan et a).200Q Spracklen et al2009 and also
the time of MISR overpass. The actual plume height and thdn the altitude at which these emissions are injected into the
fraction of smoke plumes above the BL may grow even largeratmosphere. Therefore, the influence of wildfire emissions
later in the afternoon, as the MISR plume heights are limitedmay become even more extensive in the future.
to the overpass time of the Terra satellite, when fires have not Global chemical transport models typically assume that
yet reached their maximum intensity. emissions travel upward to a constant, pre-fixed altitude, us-

Analysis of MISR smoke clouds, which constitute a later ing an empirical relationship such as that givenLawvoue
stage of smoke plume evolution, shows that the fractionet al. (2000, or emissions are uniformly distributed up to
above the BL is much larger{35%). This result was more a certain height or with a fixed fraction above the BL (e.qg.
consistent with previous modeling studies, which showedLamarque et al20003 Turquety et al.2007). These simple
that more than 50% of the emissions from extra-tropical firesparameterizations are independent of the atmospheric stabil-
need to be injected above the BL to match downwind COity structure and dynamical heat flux.
and aerosol observationsqung et al.2007 Turquety et al. Our analysis demonstrates the significant variability in
2007 Generoso et 812007). We suggest that smoke clouds smoke injection heights and the important effect of both the
are at higher elevations, on average, than plumes becaudmioyancy generated by the fire and the atmospheric structure
smoke from the younger plumes may reach higher altitudesn determining the ultimate rise of these emissions. Neglect-
later in the day, as fire intensity increases in the late afternooting these effects is a potential source of error in CTM sim-
(Giglio et al, 2006 Ichoku et al, 2008, or due to advection ulations. Plume-resolving models can take into account the
driven by atmospheric motions unrelated to the fire itself, thatbuoyancy driven by the fire heat, combined with finer-scale
have more time to act on the smoke. meteorology processes (efgeitas et al.2006 Trentmann

Associated simultaneous measurements of MODIS FRRet al, 2006. The 1-D plume-rise model presentedfrgitas
indicate a clear connection between radiative fire heat fluxet al.(2006 has been embedded in a regional moé&etitas
and plume height (on a log-log scale). Plumes that brealet al, 2007 and in a global modelGuan et al.2009 for ex-
through the BL and reach the FT exhibit larger FRP val- ploratory case studies in the tropics. However, the validation
ues than those that remain in the BL, with the median aboubf 1-D plume-rise models has focused to date on case stud-
500 MW higher (621-639 MW versus 86—175 MW). The ul- ies, usually of particular pyro-convective events. The MISR
timate rise of the plume and vertical distribution of the smoke plume data provide an opportunity for extensive validation
in the FT was dominated by the presence of stable layersf such plume rise models, and we are presently using the
in the atmosphere; most plumes§3%) located above the MISR data to evaluate the model Bfeitas et al(2006.

BL are associated with a stable atmospheric layer. Plumes Recently, Chen et al.(2009 used the observed MISR
located in the FT without or with weak stable layers reachplume heights over the boreal region in 20&&kn et al,
higher elevations than those with distinct stable layers, 260®008 to derive fire emission injection heights for the global
versus 2000 m (reported median of heights). In addition, theGEOS-Chem chemical transport model. The match between
plumes without stable layers were more vertically spread-outhe model and surface aerosol and CO measurements near
(median thickness of 2790 m) relative to those plumes withthe fire source was improved by using the MISR-derived in-
stable layers (median thickness of 1800 m). Since the typicajection heights. However, this did not significantly enhance
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the accuracy of the simulation in downwind regions, possibly dian forest fires to the surface near Washington, D.C.: Injec-
because the injection heights used were those reached by thetion height, entrainment, and optical properties, J. Geophys. Res.,
plumes at the MISR overpass time. In current work, we are 109, D06203, doi:10.1029/2003JD004248, 2004.

exploring the relationship between the MISR plume height,Cotton, W. R., Pielke, R. A., Walko, R. L., Liston, G., Tremback,
radiative energy flux observed by MODIS and atmospheric C: J-» Jiang, H., McAnelly, R. L., Harrington, J. ., Nicholis,
stability structure using a 1-D plume-rise model. We are also - E- €ario, G. G., and McFadden, J. P.. RAMS 2001: Current
developing a simple parameterization of injections heights status and future directions, Meteorol. Atmos. Phys., 82, 5-29,

D . . 2003.
based on insights from analysis of the MISR plume helghts.Damoah’ R., Spichtinger, N., Forster, C., James, P., Mattis, |

Wandinger, U., Beirle, S., Wagner, T., and Stohl, A.: Around
the world in 17 days — hemispheric-scale transport of forest fire
smoke from Russia in May 2003, Atmos. Chem. Phys., 4, 1311
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