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Abstract. The thermal plume model, a mass-flux scheme
originally developed to represent the vertical transport by
convective structures within the boundary layer, is adapted
to the representation of plumes generated by fires, with the
aim of estimating the height at which fire emissions are ac-
tually injected in the atmosphere. The parameterization,
which takes into account the excess of near surface tem-
perature induced by fires and the mixing between convec-
tive plumes and environmental air, is first evaluated on two
well-documented fires. Simulations over Southern Africa
performed with the general circulation model LMDZ over
one month show that the CO2 can be injected far above the
boundary layer height, leading to a daily excess of CO2 in the
mid-troposphere of an order of 2 ppmv. These results agree
with satellite retrievals of a diurnal cycle of CO2 in the free
troposphere over regions affected by biomass burning in the
Tropics.

1 Introduction

Biomass burning is a significant source for a number of at-
mospheric trace species. Because a fire is thermodynami-
cally active, the vertical distribution of fire emissions de-
pends on both its characteristics and on the meteorological
environment (Kahn et al., 2007). The representation of the
vertical transport of emissions above fires is a concern for
the purpose of global modelling of the atmospheric compo-
sition. However, it is rarely taken into account in General
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Circulation Models. Here, we propose a parameterization
for the convective plumes generated by the excess of buoy-
ancy associated with biomass burning and use it to simu-
late the transport of CO2 from fires over Southern Africa.
This study was initially motivated by satellite retrievals from
Chédin et al.(2005) suggesting a strong diurnal cycle of car-
bon dioxide concentration over regions affected by biomass
burning, well above the planetary boundary layer.Chédin
et al.(2008) show that the amplitude of this so-called Daily
Tropospheric Excess (hereafter DTE) of CO2 is highly cor-
related withVan der Werf et al.(2006) estimates of the CO2
emissions from biomass burning. The retrieval being sensi-
tive to the mean CO2 concentration in the mid-to-upper part
of the troposphere,Chédin et al.(2005) and Chédin et al.
(2008) allocate this observed excess of CO2 to a rapid up-
lift during the day of fire emissions – which peaks around
15:00 LT (Giglio, 2007) – to the upper troposphere. As there
are no meteorological convective systems over those regions
at that time of the year, which could transport fire emissions
to the upper troposphere at a daily scale, the question we
try to answer here is whether the vertical transport of fire
emissions due to fire induced convection, so called “pyro-
convection”, may explain this observed diurnal cycle.

Plumes generated by an excess of temperature induced
by biomass burning have already been observed to reach
the stratosphere in mid and high latitudes (Fromm and
Servranckx, 2003; Jost and al., 2004). Such plumes are as-
sociated with “pyro-clouds”, resulting from condensation of
water vapour inside the plume. The conjunction of several
factors can explain such a high penetration of fire plumes:
the density of fuel available (dense forests), the weak inver-
sion at the top of the boundary layer and the occurrence of
meteorological convective systems. During the dry season,
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Fig. 1. Schematic view of the propagation of an idealized fire. The rectangular front of widthL and
depthd propagates at speedv.
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Fig. 1. Schematic view of the propagation of an idealized fire. The
rectangular front of widthL and depthd propagates at speedv.

conditions can be less favourable in some regions of the
Tropics, where atmospheric conditions can be dry and stable
with a strong inversion at the top of the boundary layer, and
predominant vegetation is woodlands and grasslands. Even
if there are large deforestation areas in South Africa as in
South America, high pyro-clouds are rarely referenced in
Southern Africa, where pyro-plumes are mostly reported to
stay confined within the boundary layer. However,Coheur
et al.(2007) report emissions from a young plume in the up-
per troposphere over Tanzania.Freitas et al.(2007) propose
a model of pyro-convection used in combination with a re-
gional circulation model. In the latter study, the model for
pyro-convection is used to deduce from fire characteristics
and synoptic conditions a minimal and a maximal injection
height, between which gases are then uniformely emitted and
transported by the 3-D model. They simulate maximal injec-
tion heights of an order of 10 km in Southern America and
of 7 km in Southern Africa. Using the same model,Guan
et al.(2008) show that the representation of pyro-convection
is necessary to reproduce the observed concentration of CO
over South Africa during SAFARI 2000 by lifting CO di-
rectly in the mid-troposphere. Those recent studies confirm
that emissions from biomass burning can be injected directly
above the boundary layer, even in Southern Africa during the
dry season. However, refined observations of fire plumes and
emissions are still missing at regional scale. Occasionaly,
such observations are performed in the framework of field
campaign, like SAFARI in 2000 over South Africa or more
recently the AMMA (African Monsoon Multidisciplinary
Analysis) program. Ch́edin et al. (2009) have recently re-
fined their analysis of satellite-retrieved CO2 columns over
Southern Africa, confirming the tight relationship between
the DTE signal and CO2 emissions from biomass burning at
regional scale.

In order to study the impact of pyro-convection on the CO2
distribution at global scale, we adapted a mass-flux scheme
originally developed to represent convective processes in
the atmospheric boundary layer, the thermal plume model
(Hourdin et al., 2002; Rio and Hourdin, 2008), to the rep-
resentation of convective plumes induced by biomass burn-
ing. The “pyro-thermal plume model” presented here com-
putes the vertical profiles of temperature, humidity and emit-
ted gases along pyro-plumes given environmental conditions,
CO2 and heat flux released. The model thus provides the ver-
tical distribution of the effective injection of biomass burning
products in the atmosphere.

This paper is organized as follows. The development of
the “pyro-thermal” plume model from the existing thermal
plume model is first described in Sect. 2. The pyro-thermal
plume model is then qualitatively evaluated on two well-
documented fires either from observations (Stocks et al.,
1996) or from previous studies performed with explicit simu-
lations of fire plumes (Trentmann et al., 2006; Luderer et al.,
2006). The impact of pyro-convection on the CO2 distribu-
tion at regional scale is investigated in Sect. 4, using the Gen-
eral Circulation Model LMDZ (Hourdin et al., 2006), focus-
ing on July over Southern Africa. Conclusions are drawn in
Sect. 5.

2 The pyro-thermal plume model

2.1 Idealization of a fire

In the pyro-thermal plume model, a fire is characterized by
two parameters: an instantaneous active burning area and an
associated heat flux released. For the sake of simplicity, we
consider a rectangular active fire of widthL, depthd and
surfaceS=Ld as illustrated in Fig.1. The back and front of
the fire are assumed to propagate at the same constant veloc-
ity v so that the total area burned6tot during the lifetimeT
of the fire is6tot=LvT . The heat released by combustion
(E in J m−2) after the passing of the active fire is the prod-
uct of the density of biomass burnedω (in kg m−2) by the
fuel low heat of combustionC (Byram, 1959): E=Cω, with
C≈17 781 kJ kg−1 (Stocks and Flannigan, 1987). The aver-
aged heat fluxF (in J s−1 m−2) released by the active part of
the fire is related toE by:

SFT=6totE (1)

so that we have:

F =
6totE

ST
=
Ev

d
(2)

The power of the fire frontI (in kW m−1) can be computed
from:

I =Fd =Cωv (3)
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2.2 Model equations

The parameterization for pyro-convection is adapted from
the “thermal plume model” developed initially to represent
coherent structures of the convective boundary layer (Hour-
din et al., 2002; Rio and Hourdin, 2008). The thermal plume
model is a mass-flux scheme, which computes vertical pro-
files of water, temperature and velocity inside a plume gen-
erated by a buoyancy excess near the surface, given some
assumptions about the geometry of the plume and the mix-
ing of air between the plume and its environment, referred
to as lateral entrainment and detrainment. Each atmospheric
column is divided into a mean ascending thermal plume of
mass fluxf=αρwu (whereρ is the air density,α the frac-
tion of a grid cell covered by the plume andwu the vertical
velocity), and a compensating subsidence in the environment
of mass-flux−f as illustrated in Fig.2.

The conservation of mass relates the vertical variation of
f to the entrainment rate of air mass inside the plumee and
the detrainment rate of air mass from the plumed:

∂f

∂z
= e−d (4)

Assuming stationarity, the plume properties are computed
from:

∂f9u

∂z
= e9e−d9u (5)

whereψ is a conserved quantity and subscript “u” stands
for the updraft and “e” for the environment. As in classi-
cal mass-flux parameterizations of deep convection, the as-
sumption is made that environmental mean values are equal
to large scale values (ψe=ψ). This conservation equation is
applied to total waterrt , liquid potential temperatureθl and
CO2 concentration. The plume vertical velocity is computed
from the conservation of momentum in stationary and fric-
tionless conditions:

∂fwu

∂z
= −dwu+αργ (6)

where

γ = g
θvu−θve

θve
(7)

is the plume buoyancy,θv being the virtual potential temper-
ature andg the gravity acceleration.

To close the system of equations, once mixing rates have
be specified, an equation for the mass-flux at the base of the
plume is still missing. In the original thermal plume model,
the closure relates the maximal velocity inside the plume to
the horizontal convergence of air in the surface layer. Here,
the closure is modified to compute the mass-flux at the base
of the plume from fire characteristics as explained in the fol-
lowing section. Note that there is no sophisticated represen-
tation of microphysics in this model, which aims to represent

Fig. 2. Schematic view of the pyro-thermal generated by a fire (left)and zoom on the feed layer (right):
diffusion is dominant in a layer h near surface while transport by thermals is dominant above. The plume
covers a fractionα of the grid cell and is generated by the excess of temperatureinduced by fires leading
to a vertical velocity wu, a potential temperatureθu and a mass-flux A at the top of the feed layer of
height H. The plume mixes with environmental air at each level at rates e and d.

Table 1. Comparison of plume characteristics (injection height, virtual potential temmperature excess,
maximum vertical velocity and cloud base) as obtained with the ATHAM high resolution model in Trent-
mann et al. (2006) and with the pyro-thermal plume model.

Trentmann & al. (2006) pyro-thermal
zmax 12000 m 10200 m
θ′
0

40 K 44 K
wmax 40 m s−1 40 m s−1

30

Fig. 2. Schematic view of the pyro-thermal generated by a fire (left)
and zoom on the feed layer (right): diffusion is dominant in a layer
of depthh near surface while transport by thermals is dominant
above. The plume covers a fractionα of the grid cell and is gen-
erated by the excess of temperature induced by fires leading to a
vertical velocitywu, a potential temperatureθu and a mass-fluxA
at the top of the feed layer of heightH . The plume mixes with
environmental air at each level at ratese andd.

the dynamics of pyro-convection at a first order. The water is
instantaneously condensed when supersaturation occurs, and
the condensed water in transported within the plume.

2.3 Initialization of the pyro-thermal

The pyro-plume is initialized in the first model layer, the top
of which is located in our simulations aroundH=70 m. Tur-
bulence in the first model layer is illustrated in Fig.2. Small-
scale turbulence and coherent structures are both active in
that layer. We assume that below an heighth diffusion is
dominant, while aboveh the transport becomes more orga-
nized and is mostly carried out by convective cells. Belowh,
we assume a flux of the form:

ρw′θ ′ =
K(θs−θh)

h
(8)

whereK is a diffusion coefficient andθs the surface poten-
tial temperature. Aboveh, the flux is computed from plume
properties, which are initiated by the temperature excess and
the positive vertical velocity induced by fires in layerH , the
computation of which is explained in the following.

In layerH , we assume that the area covered by the plume
does not vary on the vertical and that the virtual potential
temperature in the environment of the plume is homoge-
neous. At heightH , the heat fluxF released by the fire is
F=ρCpwuθ

′

0, whereθ
′

0 is the excess ofθv inside the plume
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andCp is the specific heat of air. In the absence of de-
trainment, the vertical component of the momentum equation
(Eq.6) is:

∂fwu

∂z
= gαρ

θ
′

0

θve
(9)

As the surface covered by the plume is constant in layer
H , Eq. (9) becomes (neglecting the variations ofρ):

∂w2
u

∂z
= g

θ
′

0

θve
= g

F

ρCpwuθve
(10)

Thus

2

3

∂w3
u

∂z
=

gF

ρCpθve
(11)

from which we deduce the vertical velocity atH :

wu(H)=w0 =

(
3gFH

2ρCpθve

)1/3

(12)

The temperature excessθ
′

0 induced by the fire in layerH
is finally:

θ
′

0 =
F

ρCpw0
=

(
2
( F
ρCp

)2θve

3gH

)1/3

(13)

We find thatw0 scales withF 1/3 andθ
′

0 with F 2/3, a de-
pendence also established byFreitas et al.(2007).

The plume is thus initialized at the top of the first model
layer byθ ′

0 from Eq. (13) and a mass-fluxf = αρw0 with
α=S/Sm whereSm is the area of the model grid cell. Note
that this initialization does not depend on theK coefficient
or h, which thus not need to be specified in the framework of
this study. Those coefficients are related to the surface tem-
perature excessθs − θh, which thus could be deduced from
θ ′

0 making further assumptions onK andh.

2.4 Specification of mixing rates

Due to boundary layer turbulence, potential temperature in
the environment of the fire is well-mixed above the surface
layer, up to a specific height that corresponds to the minimum
of virtual potential temperature flux. In this mixed layer, we
assume that the lateral entrainment of environmental air ex-
actly compensates the narrowing of the plume coverage due
to acceleration (asα =

f
ρwu

). This would lead to a fraction
covered by the plume independent of height in the absence
of detrainment. This large convergence of air explains the
fast decrease of temperature with height commonly observed
above fires. If we suppose thatαρ rather thanα is constant
within the mixed layer, in the absence of detrainment, Eq. (6)
leads to:

αρ
∂w2

u

∂z
=αργ (14)

The entrainment needed to keep the fraction constant in
the mixed layer is thus:

e=
∂f

∂z
=αρ

∂wu

∂z
=
αρ

2wu

∂w2
u

∂z
=
αρ

2wu
γ (15)

Detrainment in the mixed layer is specified considering
that the plume is eroded with a mixing lengthλ:

d =
∂

∂z
(
αρwu

√
λz

l
) (16)

wherel is a characteristic length of the fire geometry, defined
as

√
(S). We takeλ=30 m as in the original version of the

scheme.
Above the mixed layer, and inside pyro-clouds, entrain-

ment and detrainment rates are specified for simplicity as
constant fractions of the mass-flux, a classical formula-
tion derived from explicit simulations of shallow convection
(Siebesma and Holtslag, 1996):

d = δf (17)

e= εf (18)

In the thermal plume model ofRio and Hourdin(2008),
δ=0.002 m−1 andε=0.0008 m−1, values deduced from sim-
ulations of shallow cumulus. However, mixing rates should
probably be an order of magnitude lower for deep than for
shallow convection (Tiedtke, 1989; Siebesma and Holtslag,
1996). As pyro-convection can be either shallow or deep,
we makeε and δ inversely proportional to a characteristic
dimension of the plume, taken as

√
(S), so that the larger

the plume, the smaller the relative mixing. Detrainment is
larger than entrainment and we haveε=βδ with δ=1/

√
(S)

andβ=0.4.

3 Evaluation of the scheme on two well-documented
fires

For evaluation of the pyro-thermal plume model we first sim-
ulate pyro-plumes generated by two well-documented fires:
a boreal forest fire in Canada and a savanna fire in South
Africa.

3.1 The Chisholm fire in Canada

The Chisholm fire occurred between the 23 and the
29 May 2001 in Canada and burned an area of 100 000 ha
(ASRD, 2001). On the 28 May a pyro-cloud was ob-
served above the fire and emissions were retrieved above
the tropopause, in the stratosphere (Fromm and Servranckx,
2003), located at 12 km in this region. Environmental
conditions issued from ERA40 reanalysis at fire location
(55 N/114 W) the 28 May 2001 at 16:30 LT are illustrated
in Fig. 3. The mixed layer height is estimated to be approxi-
mately 2500 m.
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Fig. 3. Meteorological conditions, potential temperature in K andrelative humidity in % at two fire
locations: 55N/114W the 28th of May 2001 at 16:30 LT for the Chisholm fire and 25S/31E the 24th of
September 1992 at 14:00LT for the Kruger fire.
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Fig. 4. Plume characteristics above the Chisholm fire: virtual potential temperature excess (K), vertical
velocity (m s−1) and cloudy liquid water (g kg−1).
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Fig. 3. Meteorological conditions given by ERA40, potential temperature in K and relative humidity in % at two fire locations: 55 N/114 W
the 28 May 2001 at 16:30 LT for the Chisholm fire and 25 S/31 E the 24 September 1992 at 14:00 LT for the Kruger fire.
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locations: 55N/114W the 28th of May 2001 at 16:30 LT for the Chisholm fire and 25S/31E the 24th of
September 1992 at 14:00LT for the Kruger fire.
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Fig. 4. Plume characteristics above the Chisholm fire: virtual potential temperature excess (K), vertical velocity (m s−1) and cloud liquid
water (g kg−1).

The plume generated by the Chisholm fire has been simu-
lated with the 3-D mesoscale ATHAM model (Active Tracer
High resolution Atmospheric Model,Oberhuber et al., 1998;
Herzog et al., 1998) by Trentmann et al.(2006) and Lud-
erer et al.(2006). The horizontal resolution used is of 100 m
while the vertical resolution varies from 50 m near surface to
150 m at the tropopause. The pyro-plume is thus explicitly
resolved and we use results from their simulations as a ref-
erence. From their studies we extract fire characteristics we
need to initialize the pyro-thermal plume model. The quan-
tity of consumed fuel is estimated to beω=76 000 kg ha−1.
The speed rate at which the fire propagates isv=1.5 m s−1.
Trentmann et al.(2006) consider a fire front 15 km large
and 300 m deep. From this depthd of the fire front we
can deduce the heat flux released by the fireF=I/d. Thus,
for the Chisholm fire, we obtainI=202 703 kW m−1 and
F=675 kW m−2. As suggested byLuderer et al.(2006), 50%
of this heat flux is assumed to be effectively used for convec-
tion, the other half for radiation. However this distribution is
still subject to discussions.

Characteristics of the plume simulated by the pyro-thermal
plume model for a heat fluxF=337.5 kW m−2 and an ac-
tive burning areaS=4.5 km2 are represented in Fig.4. Main
features are compared in Table1 with values extracted from
Trentmann et al.(2006) (values are approximately deduced
from their Figs. 10 and 11). An excess of temperature of
an order of 40 K, as well as a maximal vertical velocity
of 40 m s−1 are obtained. Those features are in reasonable
agreement withTrentmann et al.(2006) results, even if the

Table 1. Comparison of plume characteristics (injection height,
virtual potential temperature excess, maximum vertical velocity)
as obtained with the ATHAM high resolution model inTrentmann
et al.(2006) and with the pyro-thermal plume model.

Trentmann et al. (2006) pyro-thermal

zmax 12 000 m 10 200 m
θ ′
0 40 K 44 K

wmax 40 m s−1 40 m s−1

evaluation of the scheme stays rough at this stage. However,
the simulated injection height of 10 200 m, is slightly too
low and does not allow emissions to reach the stratosphere
located at 12 km.

3.2 Fire in the Kruger National Park in South Africa

We now consider a savanna fire that took place in the Kruger
National Park in South Africa during the SAFARI campaign
in 1992. Environmental conditions from ERA40 reanaly-
sis at fire location (25 S/31 E) the 24 September 1992 at
14:00 LT are shown in Fig.3. The inversion at the top of
the boundary layer is much stronger than for the Chisholm
fire. The mixed layer is estimated to be around 1500 m.

Results are more difficult to evaluate because vertical char-
acteristics of the convective plume are not referenced. How-
ever, Stocks et al.(1996) report a plume reaching about
2717 m just before 14:00 LT with a small cumulus at the top.

www.atmos-chem-phys.net/10/3463/2010/ Atmos. Chem. Phys., 10, 3463–3478, 2010
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Fig. 5. Plume characteristics above the Kruger fire: virtual potential temperature excess (K), vertical velocity (m s−1) and cloud liquid water
(g kg−1).

They estimate the density of savanna burned to 3786 kg ha−1.
The fire lasted several hours, devastating 2333 ha. The propa-
gating rate is estimated to be 1.62 m s−1 (Stocks et al., 1996).
From those characteristics, we can deduce the intensity of
the fire frontI=10 906 kW m−1 for d≈700 m and a heat flux
F=15.6 kW m−2 (50% of which is assumed to be available
for convection). As can be noted, those values are far weaker
than those related to the boreal forest fire in Canada. Plume
characteristics obtained with those definitions and an esti-
mated active burning surface of 1 km2 are represented in
Fig. 5.

The excess of virtual potential temperature is of 3.1 K in
the first model layer, more than ten times weaker than for the
Chisholm fire. This excess is of 2 K at 1000 m and becomes
negative above 2000 m, where the vertical velocity is maxi-
mal and of 12 m s−1. No pyro-cloud form above the fire and
the thermal plume reaches 3300 m. Comparing with obser-
vations fromStocks et al.(1996), the plume height is 600 m
too high, with no cumulus cloud at the top.

3.3 How to explain discrepancies?

These tests of the pyro-thermal plume model on two dif-
ferent cases, a pyro-plume reaching the stratosphere in bo-
real regions and a plume being trapped in the lower tro-
posphere in South Africa, bring into evidence some differ-
ences between results and observations which can have sev-
eral sources. First, the plume initiation is controlled by fire
characteristics, the heat flux available for convection and the
active burning area, on which large uncertainties still remain.
Second, the thermal plume model has been initially devel-
oped to represent shallow plumes induced by an excess of
temperature of the order of 1 K. It is thus used here in con-
figurations for which the scheme has not been initially de-
veloped for, possibly leading to deep convection. As mixing
intensity is different whether convection is shallow or deep,
we modified the definitions initially prescribed for shallow
convection by choosing a formulation depending on plume
dimensions, potentially adapted to both shallow and deep
convection. However, this intermediate formulation may ex-
plain the underestimation of the plume height generated by
the Chisholm fire and the overestimation of the plume height

generated by the Kruger fire. We also neglected the water
release in the plume by biomass burning. Sensitivity tests on
all these parameters are performed in the next section.

3.4 Sensitivity to fire characteristics and scheme
parameters

3.4.1 Sensitivity to fire characteristics

Injection heights obtained by varying either the heat flux re-
leased or the active burning area are represented in Fig.6 for
the two environmental conditions of the Chisholm fire and
the Kruger fire. In the boreal conditions of the Chisholm
fire, there is a sharp transition from plumes confined in the
mixed layer to plumes reaching 10 km when the heat flux re-
leased increases from 5 kW m−2 to 20 kW m−2 for an active
burning surface of 4.5 km2, or when the active burning area
increases from 0.4 km2 to 1 km2 for a heat flux released of
337.5 kW m−2. In the conditions encountered in the Kruger
National Park, the evolution of the injection height depend-
ing on the heat flux released is more continuous. However,
if the heat flux could reach values encountered in boreal re-
gions, the injection height would reach 7000 m in such con-
ditions. Such injection height can also result from very large
fire fronts (10 km2) for realistic heat flux in that region.

The injection height is thus sensitive to both environmen-
tal conditions and fire characteristics, as already reported by
Kahn et al.(2007); Trentmann et al.(2002); Freitas et al.
(2007). However, in a reasonable range of estimated values
of the heat flux and of the active burning area in the cases of
the Chisholm fire and the Kruger fire, the simulated injection
height does not vary significantly.

In the standard version of the pyro-thermal plume model,
the water available for condensation is that provided by lat-
eral entrainment of surrounding air. A test was also per-
formed in which the additional water coming from the burned
biomass is taken into account, assuming that each kilogramm
of biomass burned releases half a kilogramm of water, so that
the corresponding excess of water at the base of the plume is:

q ′

0 =
Fq

ρw0
(19)

with Fq = 0.5kg kg−1.
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Fig. 6. Sensitivity of the injection height to the heat flux released (F ), the active burning surface (S), and the ratio e/d for the Chisholm fire
(top) and Kruger fire (bottom) conditions.

For the Chisholm fire, the injection height increases from
10 230 to 10 370 m and for the Kruger fire from 3370 to
3400 m. As already mentionned byLuderer et al.(2006),
taking into account the water released by the biomass burned
seems to have no significant impact on the injection height.

3.4.2 Sensitivity to scheme parameters

As already mentionned, mixing with environmental air plays
a major role in convection dynamics. Entrainment in partic-
ular drives the plume characteristics. The sensitivity of the
injection height toβ = e/d is given in Fig.6 (right). For the
Chisholm fire,e/d = 0.1 allows to simulate a plume reach-
ing 12 km, while for the Kruger fire,e/d = 0.8 leads to an
injection height lower than 3 km, in better agreement with
observations. Thus,e/d = 0.1 seems to be better suited for
deep plumes whilee/d = 0.8 for shallow plumes. This point
deserves further investigations, howevere/d = 0.4 is an in-
termediate value which allows to obtain satisfactory results
for the two very different cases considered here.

The sensitivity of the injection height to the parameterλ

controlling the detrainment in the mixed layer is weak (not
shown). Here we keepλ= 30 m as in the original thermal
plume model.

Even if there are some discrepancies between model re-
sults and observations or high resolution simulations avail-
able for the Chisholm fire and the SAFARI fire in the Kruger
National Park, the pyro-thermal plume model proposed here
is able to reproduce the main features of the pyro-plumes
in those two cases and is thus appropriate to simulate in-
jection heights for a large range of conditions. In the next
section, the scheme is used to evaluate injection heights and
CO2 transport at regional scale over Southern Africa.

4 Application to pyro-plumes in Southern Africa and to
their impact on the diurnal cycle of CO2 in the free
troposphere

4.1 The diurnal cycle of fire characteristics

Several studies report that the normalized frequency of fires
follows a strong diurnal cycle, active fire pixels being max-
imum in mid-afternoon (Giglio, 2007; Justice et al., 2002).
Here we assume that this diurnal cycle is close to a Gaus-
sian centered around 15:45 LT with a standard deviation of
1 h. This Gaussian function is used to specify the diurnal
evolution of fire heat flux and related CO2 emissions. The
instantaneous heat fluxF and flux of CO2 released by fires
FCO2 are thus specified by:

F(t)=FN(t) (20)

and

FCO2(t)=FCO2N(t) (21)

whereX=
1
T

∫ T
0 X(t)dt , T being the duration of one day and

N the normalized Gaussian centered around 15:45 LT and of
standard deviationσ=1 h (N = 1).

Typical values forF andFCO2 encountered in Southern
Africa need to be specified. However, the pyro-thermal
plume model is not able to take into account the variabil-
ity of fire characteristics within a grid cell. As an alterna-
tive, we choose to specify mean values of fire characteristics
which may contribute the most to the total emissions.Ko-
rontzi et al.(2003) estimate that in semi-arid regions, 60% of
the total area burned is related to 3% of the fires, those burn-
ing more than 100 km2, while 43% of fires burn less than
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Fig. 7. CO2 emissions from biomass burning in kg m−2 day−1 in July 2006 over South Africa derived
from observations conducted during the AMMA field campaign (Liousse et al., 2009)

Fig. 8. Injection height of CO2 emissions: Maximal injection height (m) simulated betweenthe 10th

and the 30th of July (left); maximal injection height (green), mean injection height of emissions injected
above the boundary layer height (red), and mean boundary layer height (dark) averaged between 5 and
20S over 20 days of simulation in July (middle); percentage of time at which, the injection height being
greater than 2 km, emissions are injected higher than 4 km (right).

33

Fig. 7. Mean CO2 emissions from biomass burning in
kg m−2 day−1 for July 2006 over Southern Africa as derived by
(Liousse et al., 2010) and extrapolated to the GCM grid.

1 km2, devastating only 2% of the total area burned in those
regions. The larger fires are thus the less frequent, but are
responsible for most of the emissions, and for the most in-
tense pyro-plumes. This is why we choose to consider such
large fires in the following. During the dry season 1989,Bar-
bosa et al.(1999) report a total burned area over the season
of 1 541 000 km2 for 456 Tg of biomass burned. This corre-
sponds to a density of biomass burned of 2960 kg ha−1. If
we consider a propagation rate of 1.5 m s−1, the fire front in-
tensity isI=7894 kW m−1, which corresponds to a heat flux
F=99 kW m−2 for a front depthd=80 m orF=39 kW m−2

for d=500 m. Values forF of dozens of kW m−2 seem rea-
sonable, an intermediate value between the Chisholm fire and
the Kruger fire. For simplicity, the active burning area of a
fire is kept constant during the day, and we takeS=2 km2.
This value is quite large, but does not intend to take into ac-
count the restrictive active burning area, but an area warmed
enough by the fire to initiate convection, which may include
the flaming part of the fire and the just burnt surrounding
area. The integration of Eq. (1) in time gives:

S

∫ T

0
F(t)dt =6totE (22)

so that we have:

F =
6totE

ST
(23)

We consider a maximum value forF of 80 kW m−2. For
FCO2, we use monthly mean emissions for July 2006 as
derived byLiousse et al.(2010) in the framework of the
AMMA field campaign at a daily scale with a resolution of
1 km×1 km. Emissions estimates are computed from burnt
areas given by the L3JRC product using Spot-Vegetation
satellite (Tansey et al., 2008), the Global Land Cover veg-
etation map developed at JRC-Ispra, biomass densities and
burning efficiencies from AMMA observations (Mieville
et al., 2009). Figure 7 displays the mean emissions over July
extrapolated to the GCM grid.

4.2 Set up of 3-D simulations

Simulations are performed with the standard version of
LMDZ (Hourdin et al., 2006) with an horizontal grid made of
72 points equally distributed from pole to pole and 96 points
in longitude (2.5×3.75 degrees), a vertical resolution of 40
layers over the entire atmospheric column and a time step of
90 s for a typical month of July. The model includes parame-
terizations of boundary layer turbulence (Louis, 1979), deep
convection (Emanuel, 1991), clouds (Bony and Emanuel,
2001) and radiation (Morcrette, 1984). Two types of sim-
ulations are conducted: a reference simulation with the stan-
dard version of LMDZ in which CO2 emissions are injected
uniformly in the first model layer (REF), and a simulation in
which the pyro-thermal plume model is activated (TH) and
emissions are injected at the base of the pyro-thermal. In that
case, the flux of CO2 at levelH must equal the surface flux
of CO2. The concentration of CO2 at the base of the plume
is thus:

qCO2(t)=
FCO2(t)

αρw0(t)
(24)

4.3 Injection heights

The simulated injection height varies in space and time as it
depends on the heat flux and environmental conditions. The
maximal injection height computed over the 20 last days of
July with simulation TH is represented in Fig.8 (left). The
maximal simulated injection height varies from 2500 m in
the East to 6000 m in the center of the continent and reaches
7500 m in the south-west of the considered region.

This maximal injection height is compared with the mean
injection height reached when emissions pass the bound-
ary layer height and with the mean boundary layer height
in Fig. 8 (middle), where heights are averaged between 5 S
and 20 S. The boundary layer height is located around 2 km.
When emissions are directly injected above the boundary
layer, they reach in average 4 km and can sometimes be lifted
higher up to 7 km. The percentage of cases for which, the in-
jection height passing 2 km, it is finally larger than 4 km is
represented in Fig.8 (right). Those results show that part of
fire emissions from intense fires in the Tropics can be directly
injected above the boundary layer in the free troposphere,
and if so, in more than 30% of cases directly between 4 and
7 km over the South-West part of Southern Africa.

4.4 CO2 transport at global scale

The vertical distribution of CO2 averaged over the 20 last
days of July between 5 S and 20 S is represented in Fig.9 for
simulations REF (left) and TH (middle). In both simulations,
CO2 is emitted in the first model layer, uniformely in simula-
tion REF, only in the grid area covered by the pyro-plume in
simulation TH. It is then transported by the different param-
eterizations of LMDZ (boundary layer turbulence, deep con-
vection and pyro-convection for TH). The activation of the
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Fig. 7. CO2 emissions from biomass burning in kg m−2 day−1 in July 2006 over South Africa derived
from observations conducted during the AMMA field campaign (Liousse et al., 2009)

Fig. 8. Injection height of CO2 emissions: Maximal injection height (m) simulated betweenthe 10th

and the 30th of July (left); maximal injection height (green), mean injection height of emissions injected
above the boundary layer height (red), and mean boundary layer height (dark) averaged between 5 and
20S over 20 days of simulation in July (middle); percentage of time at which, the injection height being
greater than 2 km, emissions are injected higher than 4 km (right).
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Fig. 8. Injection height of CO2 emissions: Maximal injection height (m) simulated between the 10 and the 30 July (left); maximal injection
height (green), mean injection height of emissions injected above the boundary layer height (red), and mean boundary layer height (dark)
averaged between 5 and 20 S over 20 days of simulation in July (middle); percentage of cases for which, the injection height passing the
boundary layer height, it is finally higher than 4 km (right).

Fig. 9. Vertical distribution of CO2 concentration in ppmv averaged between 5 and 20S over the 20 last
days of July for simulations REF (left), TH (middle) and TH with β = 0.1 (right).

Fig. 10. Peak of the CO2 concentration vertical distribution averaged over the 20 last days of July for
simulations REF (left), TH (middle) and TH withβ = 0.1 (right).
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Fig. 9. Vertical distribution of CO2 mixing ratio in ppmv averaged between 5 and 20 S over the 20 last days of July for simulations REF
(left), TH (middle) and TH withβ = 0.1 (right).

pyro-thermal plume model mainly affects the vertical distri-
bution of CO2 over Southern Africa. In simulation REF, the
concentration is maximal near surface and decreases above
boundary layer top. When the pyro-thermal plume model
is activated, the maximal concentration is located around
700 hPa so that the concentration within the boundary layer
is less and emissions are spread farther to the east at higher
levels. The peak of the CO2 concentration vertical distribu-
tion is also shown for those simulations in Fig.10 for the
region from 60 W to 60 E and 30 S to 10 N. This figure con-
firms that CO2 is transported farther to the north in the REF
simulation and farther to the east in the TH simulation.

As illustrated in the right panels of Figs.9 and10, where
results are displayed for a simulation in whichβ = e/d = 0.1,
the CO2 vertical and horizontal distribution may also depend
on the specification of mixing between the plume and the
environment which determines the heights where CO2 from
the plume is detrained into the troposphere. This modifies
the mass-flux and then both entrainment and detrainment at
each level. Withβ = 0.1, less CO2 is detrained at low levels,
where easterlies are dominant, which explains the difference
of the CO2 distribution over the Atlantic Ocean. More CO2
is detrained at higher levels, between 600 and 500 hPa, where
it is transported down eastward. Those results illustrate how

the scheme could be further evaluated, for example to specify
the value ofβ, from observations of CO2 concentration in
that region.

4.5 Diurnal cycle of CO2 in the troposphere

The pyro-thermal plume model is now used to investigate
the potential impact of pyro-plumes on the diurnal cycle of
CO2 in the free troposphere. A vertical section of the am-
plitude of the simulated diurnal cycle of CO2 (difference be-
tween 19:30 LT and 07:30 LT) averaged between 5 and 20 S
and over the 20 last days of July is represented in Fig.11
for simulations REF (left) and TH (right). In the reference
simulation, the CO2 evening excess is maximal near the sur-
face in a range between 4 and 8 ppmv. Above, the signal de-
creases and vanishes around 800 hPa. When the pyro-thermal
plume model is activated, the signal has two maximal val-
ues, one near the surface of about 1 ppmv and another one
around 700 hPa, reaching 3 ppmv. This maximum is related
to CO2 being rapidly transported from the surface and de-
trained from pyro-clouds.

Those results can be explained by the following “back of
the enveloppe” estimation of the atmospheric CO2 concen-
tration increase due to fires and the corresponding diurnal
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Fig. 9. Vertical distribution of CO2 concentration in ppmv averaged between 5 and 20S over the 20 last
days of July for simulations REF (left), TH (middle) and TH with β = 0.1 (right).

Fig. 10. Peak of the CO2 concentration vertical distribution averaged over the 20 last days of July for
simulations REF (left), TH (middle) and TH withβ = 0.1 (right).
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Fig. 10.Peak of the CO2 mixing ratio vertical distribution averaged over the 20 last days of July for simulations REF (left), TH (middle) and
TH with β = 0.1 (right).

Fig. 11. Vertical section of the amplitude of the diurnal cycle of CO2 (ppmv) averaged between 5S and
20S over the 20 last days of July for simulation REF (left) andTH (right).
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Fig. 11.Vertical section of the amplitude of the diurnal cycle of CO2 (ppmv) averaged between 5 S and 20 S over the 20 last days of July for
simulation REF (left) and TH (right).

cycle. The fire induced convection introduces a vertical dis-
tribution function (I ) for the effective injection of CO2, so
that the increase of CO2 over one day due to fire emissions
alone at pressure levelp reads:

ε(p)= λFCO2δtI (p) (25)

whereλ is the factor converting the flux of CO2 into a con-
centration of CO2 (in ppmv):

λ=
g

Ps

µair

µCO2

(26)

Ps being the surface pressure and

1

Ps

∫
I (p)dp= 1 (27)

Starting from a CO2 free atmosphere, the CO2 concen-
tration in the region of fires will build up days long under
fire emissions, until an averaged balance is reached between
daily CO2 injectionε and daily ventilation by large-scale ad-
vection. This latter term is of the order of−V δt

L
COeq

2 , V
being a typical wind speed,L the size of the source region
and COeq

2 the CO2 concentration at equilibrium, so that:

COeq
2 =

εL

V δt
(28)

Half of the ventilation occurs during the night, so that
the evening minus morning difference of CO2 concentration
equalsV δt2L C0eq

2 = ε/2. As a first approximation, we can ex-
pect the evening minus morning difference of CO2 concen-
tration to be half the concentration increase per day due to
biomass burning emissions that would occur without consid-
ering any ventilation. Note that this means that this evening
excess of CO2 does not depend on the large-scale circulation,
but only on the increase of CO2 concentration per day. This
relationship between the evening minus morning difference
of CO2 concentration and the daily CO2 injection, as well
as the role of the large-scale circulation, are illustrated more
explicitly on a 1-D and a 2-D ideal cases in the Appendix A.

As a first estimation, let us consider a source of
1000 g m−2 month−1 (≈30 g m−2 day−1) which injects CO2
between 07:30 LT and 19:30 LT in a layer 300 hPa deep.
In that layer, we get an increase of CO2 in one day of
ε= 6.5 ppmv. The evening minus morning difference of CO2
in that layer will then be of an order ofε/2=3.25 ppmv. This
value is close to the maximum obtained around 700 hPa with
simulation TH (Fig.11).
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4.6 Simulation of the satellite retrieved Daily
Tropospheric Excess

The previous estimation considers the effective amount of
CO2 released to the atmosphere. However, observations of
the DTE are sensitive to only a part of the atmosphere as il-
lustrated by the weighting function in Fig.12 (afterChédin
et al., 2003). The observed DTE is thus the vertically inte-
grated evening minus morning difference obtained with the
weighting function (W ), so that:

DTE=
1

Ps

∫ 0

ps

(CO27pm−CO27am)W(p)dp (29)

Observations of the DTE signal in July is represented in
Fig. 13 (after Chédin et al., 2008). It reaches 3 ppmv over
Southern Africa. The simulated DTE obtained with simula-
tions REF and TH are displayed in Fig.14. In simulation
REF, a CO2 excess of a few 0.1 ppmv is obtained around 5 N
and around 10 S, while a deficit of CO2 is obtained around
5 S, both over land and ocean. The signal obtained in the
Northern Hemisphere in simulation REF may be related to
the diurnal cycle of deep convection which is very active in
the Northern Hemisphere in that season. As already seen
in Fig. 10, emissions are transported farther to the north in
simulation REF, where they can be transported to still up-
per levels by deep convection. In simulation TH, results are
much closer to observations. As observed, the largest sig-
nal is obtained over the region where CO2 was emitted. The
restriction of the signal over a specific region is due to the
averaging over several days. Indeed, a DTE signal is also
obtained daily in each simulation over other regions, partic-
ularly over ocean. But due to different advection scales, the
DTE signal is not at the same location from day to day so that
the averaged results give a DTE signal only significant over
the region where it is most persistent. The analysis of the
simulated daily DTE versus observations is further shown in
Chédin et al. (2009). Those results confirm that the DTE sig-
nal can be attributed to the diurnal cycle of fire activity, with
CO2 being transported from the surface to levels above the
boundary layer height along the day.

The DTE signal can also be directly estimated from
biomass burning CO2 emissions using the previous deriva-
tion for which CO2 is uniformly emitted between 800 and
500 hPa:

DTE=
1

Ps

∫
p

ε

2
W(p)dp=FCO2δt

g

2Ps

µair

µCO2

0 (30)

where0 is a factor defined from the vertical distribution
function of fire emissions and the weighting function:

0=
1

Ps

∫
I (p)W(p)dp (31)

If we consider thatI (p)=1 between 500 and 800 hPa and
0 elsewhere, we get0650=0.31 and the DTE signal obtained
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Fig. 13. Daily Tropospheric Excess (ppmv) in July retrieved from satellite measurements by Chédin
et al. (2003).
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Fig. 12. Weighting function of CO2 column satellite as determined
by Chédin et al.(2003).

from CO2 emissions is displayed in Fig.14 (right). The spa-
tial distribution of the DTE obtained is quite close to the
simulated one with simulation TH. By construction however,
this direct scaling of surface emissions is zero outside of the
source region, while the real DTE signal can be significant in
surrounding areas, due to preferential directions of the large-
scale advections.

The DTE signal is between 0.5 and 1 ppmv over the source
region. This value is still lower than the 3 ppmv observed
by Chédin et al.(2005, 2008). This difference can be due
to several uncertainties in both observations and modelling.
Equation (30) allows to distinguish three different sources
of uncertainties: estimation of CO2 emissions from biomass
burning (FCO2), determination of the vertical distribution
of those emissions in the atmosphere (the function I simu-
lated, for example, by the pyro-thermal plume model), and
the derivation of the weighting function of satellite obser-
vations. Large uncertainties are still related to CO2 emis-
sions from biomass burning, which are deduced from several
variables independently evaluated, among them the burning
area. In addition, the simulation performed here corresponds
to July 2006 while the observed signal is averaged between
1987 and 1990. The difference could thus be due to inter-
annual variability of CO2 emissions. Concerning the pyro-
thermal plume model, the simulated vertical distribution of
CO2 emissions strongly depends on the prescribed mixing
rates between the plume and its environment. This point
has to be investigated further in the future using observations
and high resolution simulations of pyro-plumes. Uncertain-
ties of an order of 50 hPa may also affect the location of the
peak of the weighting function of satellite observations. Of
course the maximum DTE signal would be obtained in case
the peaks of the distributionsI andW coincide. By shift-
ing the peak of the vertical distribution of CO2 concentration
I from 650 to 350 hPa, we get:0550=0.47,0450=0.57 and
0350=0.64 leading to a factor 2 on the DTE signal obtained.
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Fig. 13. Daily Tropospheric Excess (ppmv) in July retrieved from satellite measurements byChédin et al.(2003).

Fig. 14. Daily Tropospheric Excess of CO2 (ppmv) in July as simulated by simulations REF (left) and
TH (middle) and estimated from CO2 emissions by assuming a uniform distribution of CO2 emissions
between 800 and 500 hPa (right).
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Fig. 14.Daily Tropospheric Excess of CO2 (ppmv) in July as simulated by simulations REF (left) and TH (middle) and estimated from CO2
emissions by assuming a uniform injection of CO2 emissions between 800 and 500 hPa (right).

Note that part of the differences between the simulated and
observed DTE could also come from contaminations of the
retrieved DTE signal by either ozone, dust or smoke aerosols,
or remaining (undetected) thin clouds, however not expected
to exceed 1 ppm at that time of the year (see Chédin et al.,
2009).

5 Conclusions

In the present study, the thermal plume model ofRio and
Hourdin(2008) is adapted to the representation of the verti-
cal transport by plumes generated by fires. The model com-
putes the vertical distribution of fire emissions induced by
pyro-convection given fire characteristics (burning area and
heat flux released) and environmental conditions. The model
is first shown to satisfactorily reproduce the characteristics of
two well documented fires in boreal and tropical regions in 1-
D configuration. Sensitivity tests to fire characteristics show
that, despite less favourable conditions, emissions from trop-
ical fires may also penetrate well above the boundary layer
depending on the heat flux or burning area. Sensitivity tests
to scheme parameters highlight the key role of mixing pre-
scription between the pyro-plume and its environment. In the
future, 3-D explicit simulations of large fire plumes may help
validate, tune and improve the pyro-thermal plume model on
those aspects.

When implemented in the LMDZ General circulation
model, the pyro-thermal plume model injects directly a large
fraction of fire products well above 4 km, in the region
of African biomass burning. Because fire emissions oc-
cur mainly during the afternoon in this region, this pro-
duces a 2-ppmv amplitude diurnal cycle of CO2 concen-
tration in the mid-troposphere, as first suggested byChédin
et al.(2005) from remote sensing. The vertical integration of
this evenings minus mornings CO2 concentration using the
weighting function of satellite retrieval gives a Daily Tro-
pospheric Excess of an order from 0.5 to 1 ppmv, which is
lower than the 3 ppmv obtained byChédin et al.(2008) from
observations. The discrepancy may come from the large un-
certainties that remain on fire characteristics and emissions,
from the vertical distribution of CO2 above fires computed by
the pyro-thermal plume model and from uncertainties on the
observed DTE signal. A direct estimation of the DTE signal
from CO2 emissions is also proposed, which only depends on
the vertical distribution of fire emissions and on the weight-
ing function of satellite sensitivity, and not from large-scale
advection. This estimation allows recovering simply the sim-
ulated DTE signal when assuming a vertical distribution of
fire emissions.

A step further would be to take fire emissions and char-
acteristics into account more precisely. Observations of
fire emissions and of the atmospheric composition from the
AMMA field campaign could be used to initialize and vali-
date the scheme at regional scale by considering other gases
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Fig. 15.DTE computation for a fire injecting emissions alongx = [0, L] in the presence of 1D advection
with a constant windU=10 m/s forL=3000 km (L/(Uδt)=3) considering a top-hat source region (left)
andL=6000 km (L/(Uδt)=6) considering smoothed emissions (right). Results are presented for day
29 with concentrations at 07:00 just before fire injection (black triangles) and at 19:00, just after fire
injection (white squares). The DTE (difference between thetwo previous curves, dashed) is compared
to half the emissionǫ/2 (dashed curve).
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Fig. 15.DTE computation for a fire injecting emissions alongx= [0,L] in the presence of 1-D advection with a constant windU=10 m/s for
L=3000 km (L/(Uδt)=3) considering a top-hat source region (left) andL=6000 km (L/(Uδt)=6) considering smoothed emissions (right).
Results are presented for day 29 with concentrations at 07:00 just before fire injection (black triangles) and at 19:00, just after fire injection
(white squares). The DTE (difference between the two previous curves, dashed) is compared to half the emissionε/2 (dashed curve).

like CO, O3. Simulations could be extended to the whole
globe using global maps of CO2 emissions from biomass
burning. When available, global maps of heat flux released
would be very useful to compute the injection height. A
promising method is the use of the Fire Radiative Power
derived from satellite measurements, which integration over
the lifetime of a fire should be proportional to fire emissions
(Wooster et al., 2005). However, such method has not been
validated at regional nor at global scale yet, even if such eval-
uation is in progress (Schultz et al., 2009). A scheme like the
pyro-thermal plume model will be very useful to understand
and predict more precisely the CO2 concentration over the
globe, and help to disentangle the respective role of atmo-
spheric transport on the one hand and of sources or sinks of
CO2 on the other hand.

Appendix A

Academic computations of DTE

Here we present two idealized cases in order to illustrate the
relationship between the Daily Tropospheric Excess (DTE)
of CO2 and the daily injection of CO2, as well as the role
played by the large-scale circulation on a daily and a monthly
basis. In the first case, the fire is idealized by a segment
of length L emitting CO2 from 07:00 LT to 19:00 LT. In the
second case, the fire is a circle with a diameter of 3000 km.

A1 1-D computation

In the first case we consider the DTE that would be created in
a 1-D world by an homogeous fire area over a segment[0,L],
with a constant advection with windU . For simplicity, we
assume that fires also emit CO2 uniformely between 07:00
and 19:00 local time. We denote byε the CO2 increment
over 1 day due to fire emission alone (as in the main text)
and byQ the CO2 concentration. In this simple case,Q=0
upstream of the fire emission (forx<0). In the fire emission
region, the average balance in quasi steady state regime is

Fig. 16. DTE computation for a fire injecting emissions inside a circle of diameterL = 3000 km in
the presence of constant advection over the domain at a giventime. At time t, the wind in thex and
y direction is respectivelyU = U0

√

(1. + cos(2πt/τ)
2
)/
√

(2) andV = U0 sin(2πt/τ)/
√

(2) with
U0 =10 m/s.τ = 1.25πδt is chosen so that the oscillation of wind is not in phase with the diurnal cycle.
On each panel, the concentration is shown (shaded) togetherwith the associated DTE contours (-0.5,
-0.4, -0.3, -0.2, -0.1, 0.1, 0.2, 0.3, 0.4, 0.5).
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Fig. 16.DTE computation for a fire injecting emissions inside a cir-
cle of diameterL= 3000 km in the presence of constant advection
over the domain at a given time. At timet , the wind in thex and
y direction is respectivelyU =U0

√
(1.+cos(2πt/τ)2)/

√
(2) and

V =U0sin(2πt/τ)/
√
(2) with U0 =10 m/s.τ = 1.25πδt is chosen

so that the oscillation of wind is not in phase with the diurnal cycle.
On each panel, the concentration is shown (shaded) together with
the associated DTE contours (−0.5, −0.4, −0.3, −0.2, −0.1, 0.1,
0.2, 0.3, 0.4, 0.5).

ε = −UδtQx whereδt=1 day, andQx is the spatial deriva-
tive ofQ in x. Sinceε is positive and constant within the fire
area,Q must increase linearly fromx= 0 tox=L, where it
reaches a valueQL= εL/(Uδt).

As in our 3-D considerations, DTE=ε/2 since half of the
CO2 sink due to advection occurs between 19:00 LT and
07:00 LT.

For x>L, the averaged CO2 concentration stays close to
QL. Because the concentration is byε/2 larger forx =L at
19:00 LT than at 07:00 LT, exactly the opposite will be obtain
beyond the emission region atx = L+Uδt/2 due to pure
advection.
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This result is checked numerically forL = 3000 km,
a meshδx=100 km, U = 10 m/s andδt = 105 s, so that
L/(Uδt)=3. Advection is computed with a simple first or-
der upstream scheme. Tracer concentration increases on the
first few days to reach a steady-state diurnal cycle. Final con-
centrations are shown on the left panel of Fig.15. As ex-
pected, the concentration increases linearly withx, to reach
a value slightly larger than 3 forx = L. The DTE is also
close toε/2 on the emission region with negative values for
x 'L+Uδt/2 (3500 km on the graph). So, compared with
expectations, the maximum value is just slightly stronger and
the DTE shows some oscillations. The oscillations are due to
the fact thatQx is in steady state on a daily basis but oscil-
lates during the day. To confirm the dependance withL as
well as the constancy of the DTE, we show a second com-
putation for a wider domain of emission (L=6000 km). A
smoothing is also applied to the emission function so that the
oscillation disapears in that case (Fig.15, right).

A2 2-D computation

The fact thatQ stays maximum downstream of the fire emis-
sion region is due to the 1-D domain. A similar simulation is
performed with a 2-D code. The source region is a circle with
a diameter of 3000 km. The wind speed is ofU0 =10 m/s but
oscillates from south-westerlies to north-westerlies. For the
sake of simplicity,U0 is assumed to be constant in the whole
domain.

The resulting concentration for 3 particular days is shown
in Fig. 16 together with the instantaneous DTE for each day.
In the same figure, the fourth panel shows the averaged con-
centration and DTE on the last 70 days of a 100-day sim-
ulation. At a given time, as for day 50, the DTE can be
quite large outside of the source region. At this particular
day, the wind is shifting from south-westerlies to westerlies.
The DTE is positive north of theQ horizontal plume since
theQ concentration increases there due to advection but it
will also reinforce during the following night. Once again
the quasi-steady state concentration in the fire region is of
the order ofεL/(Uδt)'3 while the averaged DTE is of the
order ofε/2. In addition, while the averaged concentration is
still significant downstream of the emission region, the DTE
is restricted to the fire region.

Results obtained here in a 1-D and a 2-D idealized cases
explain results obtained in 3-D and illustrate why the DTE
signal is dependent on daily emissions, and independent on
large-scale circulation.
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