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Abstract
The post-harvest burning of agricultural ﬁelds is commonly used to dispose of crop residue and provide other desired
services such as pest control. Despite careful regulation of burning, smoke plumes from ﬁeld burning in the Paciﬁc
Northwest commonly degrade air quality, particularly for rural populations. In this paper, ClearSky, a numerical smoke
dispersion forecast system for agricultural ﬁeld burning that was developed to support smoke management in the Inland
Paciﬁc Northwest, is described. ClearSky began operation during the summer through fall burn season of 2002 and
continues to the present. ClearSky utilizes Mesoscale Meteorological Model version 5 (MM5v3) forecasts from the
University of Washington, data on agricultural ﬁelds, a web-based user interface for deﬁning burn scenarios, the
Lagrangian CALPUFF dispersion model and web-served animations of plume forecasts. The ClearSky system employs a
unique hybrid source conﬁguration, which treats the ﬂaming portion of a ﬁeld as a buoyant line source and the smoldering
portion of the ﬁeld as a buoyant area source. Limited ﬁeld observations show that this hybrid approach yields reasonable
plume rise estimates using source parameters derived from recent ﬁeld burning emission ﬁeld studies. The performance of
this modeling system was evaluated for 2003 by comparing forecast meteorology against meteorological observations, and
comparing model-predicted hourly averaged PM2.5 concentrations against observations. Examples from this evaluation
illustrate that while the ClearSky system can accurately predict PM2.5 surface concentrations due to ﬁeld burning, the
overall model performance depends strongly on meteorological forecast error. Statistical evaluation of the meteorological
forecast at seven surface stations indicates a strong relationship between topographical complexity near the station and
absolute wind direction error with wind direction errors increasing from approximately 201 for sites in open areas to 701 or
more for sites in very complex terrain. The analysis also showed some days with good forecast meteorology with absolute
mean error in wind direction less than 301 when ClearSky correctly predicted PM2.5 surface concentrations at receptors
affected by ﬁeld burns. On several other days with similar levels of wind direction error the model did not predict apparent
plume impacts. In most of these cases, there were no reported burns in the vicinity of the monitor and, thus, it appeared
that other, non-reported burns were responsible for the apparent plume impact at the monitoring site. These cases do not
provide information on the performance of the model, but rather indicate that further work is needed to identify all burns
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and to improve burn reports in an accurate and timely manner. There were also a number of days with wind direction
errors exceeding 701 when the forecast system did not correctly predict plume behavior.
r 2007 Elsevier Ltd. All rights reserved.
Keywords: CALPUFF; PM2.5; Biomass burning; Air quality model

1. Introduction
Humans have used ﬁre in a variety of slash-andburn cultivation and hunting schemes that both
presaged and co-exist with agricultural burning as
practiced today (Pyne, 1982; Crutzen and Andreae,
1990).
Air-quality and climate issues associated with
agricultural ﬁeld burning, modern or traditional, and
correlates in forestry and range management have
been investigated at a variety of scales: laboratoryscale burns, local case studies of burns of speciﬁc
biomass fuels, regional multi-investigator surface and
aircraft campaigns, remotely sensed satellite imagery
analysis for regional or global data acquisition, global
emission inventories and global modeling experiments
for various purposes. Instrumental and modeling
approaches to studying biomass-burning emissions
vary enormously with the scale of the investigation
and the issues being addressed.
In this paper, we brieﬂy review the state of science
relating to biomass burning and pyrogenic emissions, particularly relating to the somewhat less
studied types of biomass burning such as crop
residue burning, and describe a novel modeling
system called ClearSky for support of air quality
protection at local to regional scales. The modeling
system is described in Section 2 and the results of
ClearSky 2003 performance evaluation are presented in Section 3. The paper concludes with a
summary in Section 4.
1.1. Laboratory, local and regional studies
Jenkins et al. (1996) performed laboratory burns
for four-cereal crop residue and four forest fuels in a
wind tunnel, analyzing for 19 polycyclic aromatic
hydrocarbon (PAH) species. Up to 70% of the PAH
were found to partition into the particulate state,
with PAH accounting for a particulate mass
fraction of up to 4000 [mg kg1]. Christian et al.
(2003) measured gaseous and particulate emission
factors for some 16 biomass fuels, commonly
burned annually to biennially in Africa, Asia,
Europe or North America. These fuels were burned

in a laboratory burn hut and characterized in
terms of elemental composition, emission ratios
[mmol mol1 CO2] and emission factors for a
variety of gas and aerosol products. Emissions were
characterized using open-path Fourier transform
infrared (OP-FTIR) spectroscopy, proton transfer
reaction mass spectroscopy (PTR-MS) and several
gas chromatography techniques including mass
spectroscopy (GC/MS), electron capture detector
(GC/ECD), and ﬂame ionization detector (GC/
FID). The emission factors were also related to the
modiﬁed combustion efﬁciency (MCE ¼ DCO2/
(DCO+DCO2)) (Ward, 2001) through linear regression with R2 of 0.5–0.9. In this laboratory work
Christian et al. (2003) demonstrated quantiﬁcation
of emitted species not found in previous, related
ﬁeld investigations, speciﬁcally certain oxygenated
volatile organic compounds (OVOC) determined
using PTR-MS and OP-FTIR. Laboratory-scale
studies are important, in part, in establishing
viability of techniques for making speciﬁc measurements in the ﬁeld.
While laboratory studies such as cited above
provide guidance on the emissions expected in
actual ﬁres, ﬁeld observations on a local scale are
a necessary corollary. For example, Daniels (1987)
observed that burn hut tests failed to reproduce the
elemental particulate distribution observed in the
ﬁeld, concluding that actual ﬁres of high intensity
entrained considerable dust in the smoke. Thus, the
local scale is where the complex interaction of
ecosystem, climate, meteorology and ﬁre dynamics
can be observed most concisely.
Pollutants released during open biomass burning
include particulate matter (PM), particulate matter
with aerodynamic diameter equal to or less than
10 mm (PM10), particulate matter with aerodynamic
diameter equal to or less than 2.5 mm (PM2.5), CO,
CO2, CH4 and non-CH4 hydrocarbons (NMHC)
(Crutzen and Andreae, 1990). The focus of current
modeling work is PM2.5. Table 1 summarizes
the

emission factors for PM2.5 EFPM2:5 determined
from several local-scale studies.
Air Sciences Inc. (2003) evaluated combustion
efﬁciency, fuel, soil moisture and emission factors
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Table 1
PM2.5 emission factors determined by local-scale studies
Fuel type

Emission factor PM2.5 [lb ton1]

Wheat stubbleb

5.370.5 (low fuel moisture)a
9.871.1 (high fuel moisture)a
66.0

Kentucky blue grass stubblec
a

Average of backing ﬁre, head ﬁre and strip head ﬁre
emissions.
b
Air Sciences Inc. (2003).
c
Johnston and Golob (2004).

for CO, CO2, CH4 and PM2.5 for some 26 wheat
stubble burns in Columbia County in Washington
State. While a moderate correlation (R2 ¼ 0.61) was
reported between EFPM2:5 and combustion efﬁciency
(approximately MCE), the strongest correlation
noted was between EFPM2:5 and residue moisture
with R2 ranging between 0.50 and 0.79.
At a regional-scale biomass burning effects
include contribution to haze, emissions of precursors that contribute to oxidant episodes, and
indirect atmospheric effects such as modifying
radiative balance and altering precipitation outcomes. Ward et al. (1992) used the automated Fire
Atmosphere Sampling System (FASS) to capture
gas and particulate emissions within biomass ﬁre
events for a range of Brazilian vegetative communities. Results for EFPM2:5 ranged from 5 to 20
[g kg1 C] for the various fuels and combustion
stages.
Scholes et al. (1996) and Barbosa et al. (1999)
used AVHRR imagery and other data to map
vegetation density and ﬁre occurrence for Africa.
Barbosa et al. (1999) estimated as 704–2168 Tg
annual biomass consumed. The emissions of PM2.5
were estimated at 3.3–12.4 Tg annually. Hély et al.
(2003) used satellite-derived data to calculate likely
emissions (during the SAFARI 2000 intensive) for
several species for South Africa. For 31,000
SPOT-detected ﬁres, emissions were estimated at
96.9 Tg CO2, 4.6 Tg CO and 0.3 Tg PM2.5. Tansey
et al. (2004) produced a global SPOT-derived 1-km
resolution burned area inventory for the year 2000.
Dennis et al. (2002) reported that of the of the
200 Mg yr1 calculated as total Texas PM2.5
emissions, prescribed rangeland burning accounted
for 52% and agricultural burning for 32%.
Sinha et al. (2003) determined EF for 50 gaseous
and particulate species from ﬂights on 11 late dry
season savanna ﬁres in southern African, ﬁnding a
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EFTPM (total PM deﬁned as Dpp4 mm) of 10.077.5
[g kg1 C].
1.2. Agricultural field burning in the Pacific
Northwest
Many farmers in the Inland Paciﬁc Northwest
region of the United States burn crop residue in the
ﬁelds after harvest. However, unlike most localities
where such burning occurs, in this region public
smoke exposure has led to legal and regulatory
pressure to curtail such burning. The ClearSky
system was developed in response to the perceived
need for better guidance for farmers as to when
burning is inadvisable because of likely human
exposure to smoke. A distinct yet allied project, the
BlueSky/RAINS system of the USDA/Forest Service has a similar mission with respect to forest
burning (O’Neill et al., 2003). Both of these systems
explore the potential for modeling of pyrogenic
aerosol emissions as input into environmental
management, possibly linking locally focused decision-making across jurisdictional lines and eventually rising to the level of regional coordination in
air-quality protection for human health.
Agricultural ﬁeld burning is an inexpensive means
used to remove crop residue, thereby reducing the
use of chemicals for combating plant diseases,
insects and weeds, and thereby maintaining crop
yield (Hardison, 1980; Gray and Guthrie, 1977;
Higgins et al., 1989; Jenkins et al., 1996; Mast et al.,
1984; Cook and Haglund, 1991). In the absence of
ﬁeld burning, the crop residue remains on the soil
surface and creates a cooler and wetter environment
in the upper layers of the soil proﬁle, making the soil
more hospitable to development of pathogens. In
contrast, the soil surface made bare by burning
tends to warm and dry faster, creating a soil
environment less favorable for the development of
diseases. Bare soil tends to freeze sooner, deeper and
more frequently in fall and early winter than soil
that is protected by surface residues. Cook and
Haglund (1991) demonstrated that yields are better
the following year, when the wheat seed is directly
sown into the burned stubble of a previous wheat
crop or bluegrass sod than when the stubble is left
standing and not burned prior to planting. They
attributed the increase in the yield to reduction in
root diseases. However, Chastain et al. (1998) have
dissenting views of the superiority of residue
burning. They conducted an investigation to determine the relationship between post-harvest residue
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management and stand age effect on cool season
perennial grasses. This investigation concluded that
seed germination level and seed purity were not
consistently related to age of crop stand or the
residue management practice adopted.
As a standard practice, Kentucky bluegrass
(KBG) seed ﬁelds and wheat are harvested in July
and early August and the crop residue is burned
from August to September (Mazzola et al., 1997).
During ﬁeld burning months (primarily August and
September), annually, thousands of acres (more
than 100,000 acres in northern Idaho and eastern
Washington combined) of agricultural ﬁelds (primarily KBG and Wheat) are burned in northern
Idaho and eastern Washington. Burn coordinators
representing various state and regional environment
protection regulatory agencies plan and coordinate
the prescribed burning of the ﬁelds. The burn
coordinators use forecast meteorology to identify
burn windows during the day when the farmers may
burn their ﬁelds. The farmers are allowed to
conduct permitted ﬁeld burns only if the forecast
meteorology suggests adequate dispersion of smoke
plumes away from the population centers.

In spite of the caution exercised by the burn
coordinators in giving out burn permits, high PM
concentrations have been recorded when smoke
plumes from the ﬁeld burning have hit urban
localities. Exposure to these high PM (particularly
PM2.5) concentrations poses a potential risk to
human health and is also a public nuisance.
2. Description of ClearSky
ClearSky is an automated, interactive, web-based
modeling system developed to support smoke
managers in making burn/no-burn decisions regulating agricultural ﬁeld burning. Jurisdictions supported by the project include several counties
in northern Idaho, including the Coeur d’Alene
and Nez Perce tribal reservations, and eastern
Washington (Fig. 1). ClearSky consists of three
components: a web-based ﬁeld-burning scenario
generator, an automated CALPUFF modeling
system, and a web-based application for reviewing
animations of CALPUFF results for burn scenarios. A schematic of the ClearSky modeling system is
shown in Fig. 2.

Fig. 1. Location of air quality monitoring stations in Northern Idaho and Eastern Washington (counties with air quality monitoring
stations are marked ) equipped with (left) Nephelometer and (right) TEOM PM2.5 instruments. 1. Sandpoint, 2. Athol, 3. Rathdrum,
4. Meyer Ranch, 5. Post Falls, 6. Coeur d‘ Alene 7. Fighting Creek, 8. Pinehurst, 9. Moscow, 10. Lewiston, 11. Grangeville.
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Fig. 2. Flow diagram for the ClearSky smoke dispersion forecast system. The modeling system employs a 4-km  4-km horizontal grid for
meteorological input and 1-km  1-km horizontal grid for receptor sampling.

The project website provides registered users with
access to a web-based ﬁeld-burning scenario generator tailored to their jurisdiction. The scenario
generator references a database of ﬁeld acreage,
location, crop type, etc., to provide the user with
choices of available ﬁelds to burn in a hypothetical
burn scenario for the next day. The databases are
maintained by the user agencies and communicated
to update the ClearSky system as often as deemed
necessary by the agencies concerned. Each scenario
of one to multiple ﬁelds has burn acreages and burn
times (ignition and ﬁre-out times) set by the user,
within limits. Upon submission, each scenario
receives a unique scenario identiﬁer that encodes
total acreage, ﬁeld count, jurisdiction, or similar
information. In addition to the user-submitted
scenarios, default scenarios are deﬁned for each
jurisdiction so that results will be available for user
review, regardless of the user’s ability to build and
submit a next day scenario in a timely manner.
Multiple burn scenarios can be generated within
each jurisdiction.
The ClearSky system automates meteorological
data preparation, emissions preparation, CALPUFF execution and presentation of the results
via the password-protected project website.
ClearSky uses daily numerical weather predictions from the University of Washington Department of Atmospheric Science (UW) mesoscalemodeling group (Mass et al., 2003). UW uses the
Mesoscale Meteorological Model version 5 (MM5)
to produce runs for nested domains with grid scales
of 36, 12 and 4-km, with the outermost 36-km

model run being initialized at 00 UTZ (Greenwich
Mean Time) and 12 UTZ each day. ClearSky
currently uses forecast hours 12 to 36 from a 4-km
simulation nested within a 12-km run initialized at
00 UTZ, resulting in a simulation from 4 AM PST
to 4 AM 1 day later.
The CALMET model (Scire et al., 2000) incorporates the diagnostic wind ﬁeld model (Douglas
and Kessler, 1988) to develop wind ﬁelds for the
modeling domain. The MM5 4-km model output is
ingested into the CALMET model as pseudoobservations with one MM5 data point available
for each grid cell. No terrain corrections are made
within CALMET but a 3-day divergence minimization calculation yields a mass consistent 3-day wind
ﬁeld. The MCIP meteorological processor (Byun and
Ching, 1999) is also run with MM5 input to make the
MM5 boundary layer terms, such as mixing height
and friction velocity, available without CALMET
recalculation. The CALMET 3-day wind ﬁelds and
MCIP boundary-layer terms are then combined into a
ﬁnal CALMET output ﬁle. The CALMET domain
for ClearSky (Fig. 3) consists of 180 columns (E–W)
by 121 rows (N–S) of 4-km grid cells, by 13 vertical
layers of variable spacing. These layers have level
heights of z ¼ 20, 36, 73, 109, 146, 220, 295, 408, 523,
677, 1034, 1746, 3451, where z is a terrain following
elevation in meters. The southwest corner of the
domain is at 302.0 km easting, 422.0 km northing
in Lambert conic conformal coordinates, relative to
an origin at 1211W, 491N.
Scenarios deﬁning ﬁeld burning are processed to
generate the emissions ﬁles required to run CALPUFF.
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Fig. 3. Terrain elevation in the Paciﬁc Northwest domain for automated MM5/CALMET/CALPUFF forecast operations. ClearSky was
operated in 2003 for the area enclosed within the rectangle.

The ClearSky modeling system simulates the
smoke plumes from ﬁeld burning by using the puff
dispersion model, CALPUFF, in a forecast mode.
CALPUFF is a multi-layer, multi-species, nonsteady-state Gaussian Lagrangian puff dispersion
model that simulates the effect meteorological
conditions that vary in time and space on pollutant
transport, transformation and removal.
CALPUFF simulates a smoke plume as a series
of Gaussian puffs; concentrations at each receptor
are calculated for each puff for each time step from
the Gaussian puff dispersion equation. The total
concentration at a receptor is the sum of contributions from nearby puffs averaged over the sampling
steps within each hourly time step (Scire et al.,
1999). As used by ClearSky, CALPUFF simulates
the hourly average PM2.5 concentrations due to all
ﬁeld burns within a scenario for the entire domain;
each scenario requires a separate CALPUFF run.
The web-based scenario-results review system
allows users to view CALPUFF PM2.5 animations
for each of their jurisdiction’s scenarios, including
the default scenarios. These animations are generated from GIF ﬁles produced using PAVE, a
visualization package available through the
Community Modeling and Analysis System (www.
cmascenter.org), and viewed via a ﬂexible animator.

2.1. Hybrid source and plume rise simulation in
ClearSky
There are four types of agricultural ﬁeld burning:
head ﬁre, mass ignition, strip head ﬁre, and backing
ﬁre. In each case, ignition is typically conducted
using drip torches carried on all terrain vehicles. A
head ﬁre is one that is ignited at the upwind edge of
the unit to be burned and pushed across the unit by
the wind. Head ﬁres are usually fast. Mass ignition
is a variation of the head ﬁre technique. With this
technique, the unit to be burned is engulfed by ﬁre
as quickly as possible. A backing ﬁre is the opposite
of a head ﬁre. It is one that is ignited on the
downwind edge of the unit to be burned. A strip
head ﬁre is another variation of the head ﬁre in
which the ﬁeld to be burned is ignited in strips,
starting at the downwind side of the unit to be
burned and proceeding upwind. Each strip’s ﬂame
front runs into the previously burned strip, which
causes it to be extinguished (Air Sciences Inc.,
2003).
ClearSky models ﬁeld burning as a head ﬁre.
Head ﬁres have been observed to have a ﬂaming
front followed by a smoldering area. A new hybrid
approach which models the ﬂaming front of the ﬁre
as a buoyant line source and the smoldering part of
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the ﬁre as a buoyant area source was adopted to
model agricultural ﬁeld burning.
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A sensitivity analysis was carried out to study
plume rise treatment within CALPUFF. Keeping
the area of the ﬁeld constant, the ﬂaming stage of
the ﬁeld burn was modeled both as an area source
and as a line source. Plume rise treatment in
CALPUFF, for a line source and an area source,
is a function of initial plume temperature, ambient
wind speed and plume exit velocity. By varying each
of the above-mentioned parameters systematically,
we were able to compare the plume rise from
an area source to the plume rise from a line source.
A set of wind speeds deﬁned for each layer midpoint was designated as Ub, the base case wind
proﬁle. As part of the sensitivity analysis, this base
case wind proﬁle was varied over a range of 0.5Ub
to 2Ub.
Results from the sensitivity analysis are summarized in Fig. 4 in terms of ﬁnal plume rise as a
function of exit velocity, source temperature and
ambient wind speed (in terms of the multiplier of the
base wind speed proﬁle). The sensitivity analysis
clearly demonstrates that the plume rise for a given
source can vary signiﬁcantly depending on the
source deﬁnition in CALPUFF. For a given
ambient wind speed and source temperature, treatment as a line source results in lower ﬁnal plume
height compared to treatment as an area source.
The area source treatment shows greater sensitivity
of the plume rise to initial plume temperature
compared to the line source treatment; and the
maximum plume rise occurs for both treatments
when the plume exit temperature is highest and the
ambient wind speed is lowest. For both treatments,
plume rise increases with exit velocity. Generally,
the line source plume rise is lower than the area
source plume rise using identical parameters.
In the Air Sciences ﬁeld studies for wheat and
KBG burns, emissions were estimated from measurements using a carbon mass balance method and
the temperature and updraft velocity of the plume
was also measured using the Fire Atmosphere
Sampling System (FASS) for the four types of
ignition. The FASS apparatus measured the temperature and updraft velocity as a function of time
(min), with t ¼ 0 when the ﬂame front reached the
apparatus.

Plume Rise (m)
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2.2. Evaluation of the hybrid source and plume rise
treatment in ClearSky
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Fig. 4. Sensitivity of buoyant area and line source plume rise to
changes in exit velocity (top), source temperature (middle), and
ambient wind speed (bottom). The axis for the wind speed graph
is in terms of multipliers of the base case wind speed vertical
proﬁle (i.e. 0.5Ub, Ub, and 2Ub).
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Fig. 5. Effect of ignition type on updraft velocity.

Figs. 5 and 6 show typical behavior for the four
different ﬁre types. Fig. 5 shows the updraft velocity
with respect to time for the four ignition types. For
all the types of ignition, it is common to have an
increase in updraft velocity in the ﬂame front, at
t ¼ 0. In the smoldering part of the ﬁre (tb0), only
the strip head ﬁre showed signiﬁcant increase in
updraft velocity.
Fig. 6 shows the temperature measured by the
FASS apparatus with respect to time for the four
different ignition types. The plot shows that the
highest temperature is at the ﬂame front of the ﬁre.
Also, the head ﬁre had the highest increase in
temperature while backing ﬁre had the lowest. The
backing ﬁre shows the highest increase in temperature in the smoldering part of the ﬁre.
Given the range of exit velocities and temperatures in the different portions of the burn, it is
worthwhile to use the results from the sensitivity
analysis to estimate the uncertainty in plume rise for
an estimate of the uncertainty in specifying exit
velocity and source temperature. Given the slopes of

the regression equations in Fig. 4, the uncertainties
in ﬁnal plume rise for line and area sources are
8–14 m for an estimated uncertainty of 1 m s1 in
exit velocity and 60–95 m for an estimated uncertainty of 50 K in source temperature. Uncertainties in the wind speed proﬁle of 0.33 (i.e. 1 out of
3 m s1) yield an uncertainty in plume rise of
30–50 m for the line and area sources. These are
relatively small uncertainties in plume rise compared to the total plume rise.
Based upon the Air Sciences results, plume rise
parameters were selected for the ﬂame front (buoyant line source) and smoldering (buoyant area
source) portions of the burn as given in Table 2.
The initial line width and ﬂame height were assumed
from qualitative observations of burning ﬁelds.
Based on information provided by the burn
coordinators, the rate of ﬁeld burn was set to 100
acres per hour and applied uniformly to all regions.
The crop residue burned in Washington is primarily
wheat stubble and the crop residue burned in
northern Idaho is primarily KBG. The PM2.5
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Fig. 6. Effect of ignition type on source temperature.

Table 2
ClearSky hybrid source plume rise parameters
Parameter value
Buoyant area source (smoldering fraction)
Effective height of emissions (m)
Source temperature (K)
Effective exit velocity (m s1)
Initial vertical spread (m)

0.5
324
1.4
100

Buoyant line source (flaming fraction)
Line height (m)
Source temperature (K)
Line width (along wind) (m)
Effective exit velocity (m s1)

0.5
361
5
2.2

emission factor for wheat stubble, for a heading ﬁre,
was taken as 3.6 g PM2.5 kg1 fuel (7.2 lb ton1) or
0.36% of the residue load; and the emission factor
for KBG was taken to be 30 g PM2.5 kg1 fuel
(66 lb ton1) or 3.3% (Air Sciences Inc., 2003 and
Johnston and Golob, 2004). The ratio between the

ﬂaming and smoldering emissions was assumed to
be 80:20. An estimated residue load of 6919 kg ha1
(2.8 tons acre1) was used for calculating the emissions.
To evaluate the hybrid source approach used in
ClearSky, a modest ﬁeld campaign was completed
during the summer/fall burn season in 2004. The
focus of the campaign was to collect plume rise
measurements from agricultural ﬁeld burns and
then compare those plume rise measurements to the
plume rise predicted in ClearSky.
Plume heights were measured during nine ﬁeld
burns over four days of the 2004 agricultural burn
season. The dates for the plume height measurement
campaign included July 30, August 20, September 8,
and September 29, 2004. Four wheat stubble ﬁeld
burns were observed in eastern Washington and ﬁve
Kentucky bluegrass ﬁeld burns were observed in
northern Idaho. Field sizes varied from 13 to
64 ha (32–157 acres).
During each ﬁeld burn, plume height measurements were taken utilizing an aircraft and also from

Author's personal copy

ARTICLE IN PRESS
R. Jain et al. / Atmospheric Environment 41 (2007) 6745–6761

6754

location used for plume height measurements was
determined using the GPS unit. These data
permitted calculation of the distance to the center
of the ﬁeld from the surface location as well as the
trigonometric estimation of the top of plume height.
This top of plume height measurement technique
assumed that the plume only traveled vertically
from the center of the ﬁeld.
Modeled plume heights from CALPUFF were
determined by rerunning ClearSky for each ﬁeld
burn. CALPUFF was conﬁgured to produce a
plume log detailing each puff released by the
buoyant line source and the buoyant area source
that simulated each ﬁeld burn. CALPUFF calculated centerline plume heights for the buoyant line
and buoyant area sources and also calculated the
corresponding Gaussian vertical dispersion coefﬁcient (sigma-z). The top of plume heights were
estimated by adding the value of 2.15 times the
sigma-z value (characterizing the vertical dispersion
of the plume) to the centerline plume height. For
buoyant line sources, CALPUFF calculates only the
ﬁnal plume height and ﬁnal plume distance values,
while CALPUFF calculates the entire evolution of
plume height with distance for buoyant area
sources. Top of plume heights estimated from
CALPUFF and top of plume heights measured by
the ground-crew were both expressed above ground
level (AGL). The top of plume heights observed
with the aircraft altimeter had to be converted from

the ground. For this study, the top of plume heights
were measured because of the difﬁculty in determining the plume centerline height. The air-crew made
observations of top of plume height and vertical
temperature proﬁles, and took photographs
throughout each ﬁeld burn. The ground-crew
observed the top of plume height using a simple
inclinometer and deployed instruments to measure
surface air temperature, surface wind direction and
speed, vertical proﬁles of wind speed and direction,
and obtained ﬁeld burn photographs. Residue
loadings before and after the burn were also
collected from each ﬁeld.
The top of plume height measurements were
estimated from the aircraft using the aircraft
altimeter. As the pilot circled around the burning
ﬁeld, another crew member watched to see when the
plane altitude and the top of plume height were
equal, and then recorded the plane altimeter and
their geographic location with a waypoint on a
handheld Global Positioning Satellites (GPS) unit.
The time, altitude, and waypoint number were
written on a data collection sheet.
Top of plume heights were measured from the
ground using a handheld clinometer and a handheld
GPS unit. The clinometer was used to measure the
elevation angle between the ground (zero degrees)
and the top of the plume. A ground data collection
sheet was used to record the time and clinometer
readings. The geographic location of the surface

Top of Plume Heights for CALPUFF Buoyant Area and Buoyant Line Source with Updated
Emissions Parameters and Maximum Air and Ground Observations
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Fig. 7. Ranges of both CALPUFF plume heights and measured plume heights for each ﬁeld burn.
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above mean sea level (MSL) to AGL for comparison with estimated top of plume heights. The
average elevation of each burn site was determined
from a topographic map and used to convert MSL
top of plume heights to AGL.
Fig. 7 shows a summary of maximum top of
plume heights measured and ﬁnal top of plume
heights modeled using the ClearSky hybrid emission
parameters. Because of the uncertainties in assigning top of plume heights, there is considerable
scatter in the estimated plume heights. However,
there is general agreement between the estimated
plume heights and the plume rise values calculated
from the CALPUFF model for buoyant line and
area sources using the source parameters estimated
from the Air Sciences ﬁeld data.
3. Performance evaluation of the ClearSky modeling
system
There are a number of issues to consider in the
evaluation of the ClearSky smoke plume forecasting
system. First, operational model runs should not be
evaluated directly since the emission scenarios are
submitted as ‘‘potential’’ burns and often the
combination of ﬁelds actually burned is quite
different from a particular scenario. As a result,
evaluation of the system requires compilation of
data for actual burns and re-running the modeling
system. Second, there is a relatively sparse network
of PM2.5 monitoring sites within the modeling
domain, and the goal of the burn managers is to
burn ﬁelds under conditions that avoid impact of
smoke in populated areas where most of the
monitors are located. As a result, there are relatively
few instances of measured PM2.5 concentrations due
to ﬁeld burning, and there are almost no instances
where the plume from a single burn impacts more
than one monitor. In addition, there may be
confounding sources, such as forest wildﬁres or
un-permitted burns such that PM2.5 observations at
a monitoring site may reﬂect more than the intended
sources. Finally, because ClearSky models plumes
from relatively small sources individually, errors in
predicted wind directions of just a few degrees can
cause modeled plumes to completely miss a downwind monitoring site for a period when the actual
plume has a signiﬁcant impact at the site.
With these considerations in mind, the ClearSky
system was evaluated by re-running ClearSky
during August–September 2003 for 20 burn days
selected when the total daily acreage burned was
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Table 3
Burn days re-run for ClearSky evaluation and total number of
hectares (acres) burned on each of these days in northern Idaho
and eastern Washington counties
Date

6-August
7-August
11-August
12-August
13-August
14-August
19-August
25-August
26-August
3-September
5-September
11-September
12-September
15-September
16-September
18-September
19-September
22-September
23-September
25-September

Northern
Idaho

Eastern
Washington

Total

ha

ac

ha

ac

ha

ac

1040
848
1092
961
385
626
1144
376
1632
659
738
1989
443
3179
936
1097
1303
2188
1900
1318

2567
2094
2696
2374
950
1546
2824
929
4030
1627
1821
4910
1094
7849
2310
2708
3218
5402
4691
3254

253
0
153
71
36
116
120
41
130
0
28
770
1792
11
210
653
617
1209
796
599

625
0
378
176
88
286
297
100
322
0
70
1902
4425
26
518
1612
1524
2985
1965
1479

1293
848
1245
1033
420
742
1264
417
1763
659
766
2759
2235
3189
1145
1750
1921
3397
2696
1917

3192
2094
3074
2550
1038
1832
3121
1029
4352
1627
1891
6812
5519
7875
2828
4320
4742
8387
6656
4733

more than 1000 acres (Table 3). Data from burn
manager documents were used to identify ﬁelds that
had been burned on each day and to prepare the
emissions data ﬁles. Within Idaho, actual ignition
times were not recorded so the burn times were
randomly selected within a typical burn window for
the Idaho ﬁres. A 4-km  4-km horizontal meteorological grid and a nested 1-km  1-km horizontal
sampling grid were deﬁned in CALPUFF for the
model evaluation runs. CALPUFF predicted PM2.5
concentrations were compared against observations
at twenty monitoring stations (shown in Fig. 1),
deﬁned as discrete receptors in CALPUFF.
As a ﬁrst step in the evaluation, the meteorological performance of the MM5/CALMET portion
of ClearSky was investigated using hourly predicted
values for meteorological parameters (wind speed,
wind direction and temperature) compared against
available surface station observations.
The model performance statistics are summarized
in Table 4 in increasing order for the mean absolute
wind direction error for August–September burn
days. The mean error in wind direction and wind
speed and mean absolute error in wind speed are
also shown. There seems to be a relationship
between the complexity of the terrain near the
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Table 4
Summary of surface meteorological evaluation results for August–September burn days with stations ranked by absolute mean wind
direction (WD) error
Station

Local terrain

Mean absolute
WD error (deg.)

Mean WD error
(deg.)

Mean absolute
WS error (m s1)

Mean WS error
(m s1)

Moscow, ID
Rathdrum, ID
Reubens, ID
Lewiston, ID
Sandpoint, ID
Bonners Ferry, ID
Spokane, WA

Open, hilly
Open, ﬂat
Open, ﬂat
Open, upper broad valley
Near lake
Valley
Open, near valley

35
45
49
54
57
78
79

3
3
9
17
5
54
6

1.0
1.9
1.1
0.9
2.0
1.7
2.0

0.1
1.3
0.5
0.2
0.1
1.0
1.6

Fig. 8. Observed and predicted PM2.5 concentrations (left) at the Athol monitoring site in northern Idaho and the corresponding predicted
plume concentration contours (right, monitoring site is the small square) during 25 August 2006.

station and the magnitude of the absolute error in
wind direction. For stations in relatively open
terrain, such as Moscow, ID, the absolute error is
small, while for stations in deep valleys or near a
lake, such as Kamiah and Sandpoint, the absolute
errors are large. This pattern also holds for mean
error and bias in wind direction, which implies that
the modeling system does not account well for the
effects of local terrain on the overall wind patterns.
The bias in wind speed at most stations is small
and near 0.1 m s1 except for Rathdrum and
Bonners Ferry. The larger bias at these two stations
cannot be readily explained. The absolute error in
wind speed seems to be bi-modal with results near

1 m s1 (at ﬁve stations) and near 2 m s1 (at
Rathdrum, Sandpoint, Bonners Ferry and Spokane). Overall, the absolute mean error in wind
direction was 601 and the absolute mean error in
wind speed was 1.3 m s1.
In spite of the errors in forecast meteorology,
there were a number of cases where PM2.5
concentrations attributed to ﬁeld burning were
accurately modeled with the ClearSky system. For
example, on August 25, a ﬁeld burn in northern
Idaho produced a plume that was modeled to travel
directly over the Athol monitoring site as shown in
Fig. 8. For this case, the modeled and observed
PM2.5 surface concentrations were almost an exact
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Fig. 9. Observed and predicted surface winds for two sites on 26 August 2003.

match both in time and magnitude as shown in
Fig. 8. Similar results were also obtained on August
26 when the forecast meteorology was in good
agreement with observations as shown in Fig. 9 and
the modeled plume impact at the Pinehurst monitoring site in northeastern Idaho was a close match
to the observed concentrations shown in Fig. 10. In
this case, the modeled peak concentration occurred
an hour before the measured peak, but this can be
attributed to the uncertainty in the actual ﬁeld
ignition times. We also ﬁnd cases such as shown in
Fig. 11 where the observed concentration pattern is
bounded by modeled time series taken from points
within 1, 2, 3, and 4 km of the actual monitoring
site. In other cases (not shown), modeled plumes
completely missed the receptor, but the centerline
concentrations were in close agreement with the
observed maximum concentrations. The cases where

the modeled concentrations showed a good match
with observations suggests that the hybrid source
approach and the associated source parameters are
reasonably accurate and capable of correctly predicting surface PM2.5 concentrations.
These results show that on some days the model
performed much better than on other days. Based
on the meteorological performance of the model on
each burn day the evaluation results can be
classiﬁed in four categories as summarized in
Table 5. In the ﬁrst category, when the predicted
meteorology is in good agreement with the observed
winds, ClearSky modeled plume impact from ﬁeld
burning at several monitoring stations where plume
impact consistent with ﬁeld burning was observed.
The average absolute bias in wind direction for
these 8 days was approximately 131 and the average
absolute error was 291. For these cases, the observed
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Fig. 10. Observed and predicted PM2.5 surface concentrations at the Pinehurst monitoring site in northeastern ID during 26 August 2003.
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Fig. 11. Observed and predicted PM2.5 concentrations at the Rathdrum site on 19 August 2003. Maximum concentrations predicted
within 1, 2, 3, and 4 km of the monitoring site are also shown.

plumes did not always pass over the monitoring site,
but sometimes missed the monitoring site by several
kilometers. However, the modeled centerline concentrations for many of these cases were very close
to the maximum concentrations observed at the
monitoring site. This match between the observed
maximum concentrations and modeled centerline

concentrations suggest the emission and plume rise
parameters selected for ClearSky are reasonably
accurate.
In the second category were four burn days when
there was poor agreement between the modeled
meteorology and observed meteorology; for these
days ClearSky did not model plume impact from
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Table 5
Summary of burn days in terms of evaluation categories and
associated wind direction bias (absolute) bias and mean
(absolute) error
Day

Category

WD bias
(abs)

WD mean
error

7-August
11-August
12-August
19-August
25-August
26-August
15-September
22-September
Average
14-August
3-September
16-September
23-September
Average
6-August
13-August
5-September
11-September
18-September
19-September
Average
12-September
25-September
Average

1
1
1
1
1
1
1
1
–
2
2
2
2
–
3
3
3
3
3
3
–
4
4
–

18
19
3
7
21
2
11
23
13
90
95
58
43
72
4
11
4
1
17
6
7
4
1
3

18
27
26
22
50
17
47
27
29
115
95
69
43
81
22
15
10
20
29
9
18
6
8
7

Category 1 includes days when ClearSky predicted plume impact
and plume impact was observed; category 2 includes days when
the meteorology was poor and ClearSky did not predicted
observed plume impact; category 3 includes days when the
meteorology was good, but ClearSky did not predict observed
plume impact; and category 4 includes days when no plume was
predicted and none was observed.

ﬁeld burning at monitoring stations where plume
impact consistent with ﬁeld burning was observed.
For these days, the average absolute bias in wind
direction was 721 and the average absolute error in
wind direction was 811.
In the third category, on 6 days the modeled
meteorology was in good agreement with the
observed winds, but ClearSky did not predict plume
impact at monitoring stations where apparent
plume impact was observed. In most of these cases,
there were no reported burns in the vicinity of the
monitor and, thus, it appeared that other, nonreported burns were responsible for the apparent
plume impact at the monitoring site. These cases do
not provide information on the performance of the
model, but rather indicate that further work is
needed to identify all burns and to improve burn
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reports in an accurate and timely manner. Additional information on the timing of burns is also
needed. Finally, in the fourth category on two burn
days, no plume impacts were observed at monitoring sites, and ClearSky did not predict plume
impacts. While this is a positive result, it does not
provide information for a quantitative assessment
of model performance. However it should be noted
that in practice, correct and successful use of the
ClearSky system would generate cases in this fourth
category.
4. Summary and conclusion
ClearSky, an automated web-based smoke dispersion forecast system for agricultural ﬁeld burning, was developed to guide smoke management in
the Inland Paciﬁc Northwest. The modeling system
operates CALPUFF, the Gaussian Lagrangian puff
model, in a forecast mode using MM5 4-km forecast
meteorology processed by the meteorological model
CALMET.
The modeling system was operated for the ﬁrst
time during the fall burning season of 2002, and,
based on the post-evaluation results, an improved
version of the model was operated in 2003. In this
paper, speciﬁc burn days were chosen as examples to
present the range of ClearSky 2003 evaluation results.
ClearSky evaluation results demonstrate that the
modeling system has a potential to be a very
effective tool for smoke management in the Paciﬁc
Northwest. On burn days when the MM5 predicted
meteorology is in good agreement with the observed
meteorology, ClearSky predicted plume impact at
several monitors. The plumes, at times, did not
always pass directly over the monitoring stations,
however, the predicted centerline concentrations for
many of these cases were close to the maximum
concentrations observed at the monitoring site
which suggests that the hybrid source approach
and associated source parameters are capable of
accurate PM2.5 predictions, emission and plume rise
parameters.
The model as expected does not predict plume
impact from ﬁeld burning when the forecast
meteorology is not representative of the ambient
meteorology within the airshed. Statistical analysis
of predicted meteorology against observations was
performed for seven surface meteorological stations.
The results demonstrate that the errors in wind
direction were closely related to the complexity of
terrain in the vicinity of each monitoring site.
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To address the issues raised in the performance of
ClearSky it is evident that improvements in the
forecast meteorology are needed. One approach is
to take advantage of ensemble meteorological
forecasts to drive an ensemble of dispersion results
and to produce a probability distribution of plume
trajectories and dispersion. We have evaluated this
approach (Heitkamp, 2006), and these results will
be presented in a second paper. A second approach
is to investigate the use of nested meteorological
domains with grid resolution down to 1 km or less.
This may improve the results, particularly in areas
with more complex terrain, but it may still not
address the effects of the random aspect of
convective motions that occur during mid-day
summer and fall conditions. Further ﬁeldwork is
also required to obtain more quantitative data for
evaluation of the system.
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