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Abstract. The thermal plume model, a mass-flux schemeCirculation Models. Here, we propose a parameterization
originally developed to represent the vertical transport byfor the convective plumes generated by the excess of buoy-
convective structures within the boundary layer, is adaptecancy associated with biomass burning and use it to simu-
to the representation of plumes generated by fires, with thdate the transport of COfrom fires over Southern Africa.
aim of estimating the height at which fire emissions are ac-This study was initially motivated by satellite retrievals from
tually injected in the atmosphere. The parameterizationChédin et al.(2005 suggesting a strong diurnal cycle of car-
which takes into account the excess of near surface tembon dioxide concentration over regions affected by biomass
perature induced by fires and the mixing between convecburning, well above the planetary boundary lay@hédin

tive plumes and environmental air, is first evaluated on twoet al. (2008 show that the amplitude of this so-called Daily
well-documented fires. Simulations over Southern Africa Tropospheric Excess (hereafter DTE) of £© highly cor-
performed with the general circulation model LMDZ over related withVan der Werf et al(2006 estimates of the C9
one month show that the GQ@an be injected far above the emissions from biomass burning. The retrieval being sensi-
boundary layer height, leading to a daily excess ob@Qhe tive to the mean C@concentration in the mid-to-upper part
mid-troposphere of an order of 2 ppmv. These results agreef the troposphereChédin et al.(2005 and Chéedin et al.
with satellite retrievals of a diurnal cycle of G@n the free (2008 allocate this observed excess of £ a rapid up-
troposphere over regions affected by biomass burning in thdift during the day of fire emissions — which peaks around
Tropics. 15:00LT @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
1 Introduction try to answer here is whether the vertical transport of fire

. o o emissions due to fire induced convection, so called “pyro-
Blomass_burnmg is a ;lgn|f|cant source for.a number of at'g:onvection", may explain this observed diurnal cycle.
mospheric trace species. Because a fire is thermodynami-

cally active, the vertical distribution of fire emissions de- Plumes generated by an excess of temperature induced
pends on both its characteristics and on the meteorologicddy biomass burning have already been observed to reach
environment Kahn et al, 2007). The representation of the the stratosphere in mid and high latituddsrdmm and
vertical transport of emissions above fires is a concern forServranckx2003 Jost and a).2004. Such plumes are as-
the purpose of global modelling of the atmospheric compo-sociated with “pyro-clouds”, resulting from condensation of
sition. However, it is rarely taken into account in General 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-

Correspondence tC. Rio sion at the top of the boundary layer and the occurrence of
BY (catherine.rio@Imd.jussieu.fr) meteorological convective systems. During the dry season,
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In order to study the impact of pyro-convection on thexCO
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-
>tot/L ing. The “pyro-thermal plume model” presented here com-
T v putes the vertical profiles of temperature, humidity and emit-
i d ted gases along pyro-plumes given environmental conditions,

CO, 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

L plume model is then qualitatively evaluated on two well-
documented fires either from observatior&tacks et al.
Fig. 1. Schematic view of the propagation of an idealized fire. The 1996 or from previous studies performed with explicit simu-
rectangular front of widthL and depth/ propagates at speed lations of fire plumesTrentmann et a] 2006 Luderer et al.
2006. The impact of pyro-convection on the G@istribu-
tion at regional scale is investigated in Sect. 4, using the Gen-
conditions can be less favourable in some regions of theeral Circulation Model LMDZ Hourdin et al, 2006, focus-
Tropics, where atmospheric conditions can be dry and stabléng on July over Southern Africa. Conclusions are drawn in
with a strong inversion at the top of the boundary layer, andSect. 5.
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. Howevegheur

et al.(2007) report emissions from a young plume in the up- |, the pyro-thermal plume model, a fire is characterized by
per troposphere over Tanzankeitas et al(2007) propose 4 parameters: an instantaneous active burning area and an

a model of pyro-convection used in combination with & re- ygqqciated heat flux released. For the sake of simplicity, we
gional circulation model. In the latter study, the model for .nsider a rectangular active fire of width depthd and
pyro-convection is used to deduce from fire characteristicssurfaceSZLd as illustrated in Figl. The back and front of

and synoptic conditions a minimal and a maximal injection ¢ fire are assumed to propagate at the same constant veloc-
height, between which gases are then uniformely emitted anq{y v 50 that the total area burneo; during the lifetimeT
transported by the 3-D model. They simulate maximal injec- ¢ the fire is Swt=LvT. The heat released by combustion
tion heights of an order of 10 km in Southern America and (E in I 2) after the passing of the active fire is the prod-

of 7km in Southern Africa. Using the same modéian |+t of the density of biomass burned(in kg m2) by the

et al.(2008 show that the representation of pyro-convection f,q| |ow heat of combustio (Byram, 1959: E=Cuw, with

is necessary to reproduce the observed concentration of C@.1,17 781 kJ kgl (Stocks and Flannigari987). The aver-

over South Africa during SAFARI 2000 by lifting CO di- aged heat fluF (in Js T m~2) released by the active part of
rectly in the mid-troposphere. Those recent studies confirmyq fire is related td by:

that emissions from biomass burning can be injected directly

above the boundary layer, even in Southern Africa during theSFT= 3. E (1)
dry season. However, refined observations of fire plumes and

emissions are still missing at regional scale. Occasionalyso that we have:
such observations are performed in the framework of field SotE Ev
campaign, like SAFARI in 2000 over South Africa or more F = =—
recently the AMMA (African Monsoon Multidisciplinary ST d
Analysis) program. Cédin et al. (2009) have recently re-  The power of the fire front (in kw m~1) can be computed
fined their analysis of satellite-retrieved g@olumns over  fom:

Southern Africa, confirming the tight relationship between

the DTE signal and C®emissions from biomass burning at I = Fd = Cov (3)
regional scale.

The pyro-thermal plume model

2.1 Idealization of a fire

&)
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2.2 Model equations TN

£ Y&
The parameterization for pyro-convection is adapted from ‘/ N %/“
the “thermal plume model” developed initially to represent A 6\
coherent structures of the convective boundary lakieug- ‘3\
din et al, 2002 Rio and Hourdin2008. The thermal plume Iy
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 som
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 atmospheri
column is divided into a mean ascending thermal plume of

mass fluxf=apw, (Wherep is the air densityx the frac- //
tion of a grid cell covered by the plume ang the vertical B Q%\i«”’b T

velocity), and a compensating subsidence in the environment s
of mass-flux— f as illustrated in Fig2.
The conservation of mass relates the vertical variation of

/tothe gntralnment rate_ of air mass inside the plunaad Fig. 2. Schematic view of the pyro-thermal generated by a fire (left)
the detrainment rate of air mass from the pluine and zoom on the feed layer (right): diffusion is dominant in a layer
af of depthi near surface while transport by thermals is dominant
— =e—d (4) above. The plume covers a fractianof the grid cell and is gen-

9z erated by the excess of temperature induced by fires leading to a

Assuming stationarity, the plume properties are computed’ertical velocityw,, a potential temperatur, and a mass-flux
at the top of the feed layer of heiglif. The plume mixes with

from:
environmental air at each level at rateandd.
of v
%:e\[’e_d\yu %)
z

) ) - the dynamics of pyro-convection at a first order. The water is
wherey is a conserved quantity and subscript 'stands  jstantaneously condensed when supersaturation occurs, and

wn

for the updraft and é” for the environment. As in classi- ihe condensed water in transported within the plume.
cal mass-flux parameterizations of deep convection, the as-

sumption is made that environmental mean values are equal 3 |nitialization of the pyro-thermal

to large scale values/t=1). This conservation equation is

applied to total water;, liquid potential temperatur@ and  The pyro-plume is initialized in the first model layer, the top
CO; concentration. The plume vertical velocity is computed of which is located in our simulations aroudt=70 m. Tur-
from the conservation of momentum in Stationary and fric- bulence in the first model |ayer is illustrated in FmSma”-

tionless conditions: scale turbulence and coherent structures are both active in
af wy that layer. We assume that below an heighdiffusion is
PP —dwy +apy (6) dominant, while abové the transport becomes more orga-
nized and is mostly carried out by convective cells. Belgw
where we assume a flux of the form:
evu - eve
Y= 9ve (7) ,OW _ K(th «9},) (8)

is the plume buoyancy,, being the virtual potential temper-

ature andg; the gravity acceleration. whereK is a diffusion coefficient anéd, the surface poten-
To close the system of equations, once mixing rates havéial temperature. Above, the flux is computed from plume

be specified, an equation for the mass-flux at the base of thproperties, which are initiated by the temperature excess and

plume is still missing. In the original thermal plume model, the positive vertical velocity induced by fires in lay#r, the

the closure relates the maximal velocity inside the plume tocomputation of which is explained in the following.

the horizontal convergence of air in the surface layer. Here, Inlayer H, we assume that the area covered by the plume

the closure is modified to compute the mass-flux at the baseloes not vary on the vertical and that the virtual potential

of the plume from fire characteristics as explained in the fol-temperature in the environment of the plume is homoge-

lowing section. Note that there is no sophisticated represenneous. At heightd, the heat fluxF released by the fire is

tation of microphysics in this model, which aims to representF:pC,,wueé, where@é is the excess o, inside the plume
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and C, is the specific heat of air. In the absence of de-
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The entrainment needed to keep the fraction constant in

trainment, the vertical component of the momentum equatiorthe mixed layer is thus:

(Eq.6) is:
Of wy b
= —_— 9
5. 8Py ©)

_o

dw, ap dw2  ap
= = = =
0z

9z 2w, 9z 2w,

e 14 (15)

Detrainment in the mixed layer is specified considering

As the surface covered by the plume is constant in layerithat the plume is eroded with a mixing length

H, Eg. ©) becomes (neglecting the variationsf

w2 6 F

LogO=g——— (10)
9z Ove pcpwueve

Thus
29w F
c0Wu _ 8 (11)
3 0z pCpbye
from which we deduce the vertical velocity At

3gFH \Y3

Hy=wy=| ——— 12

i) =wo= (2 ) (12

The temperature exceég induced by the fire in layeH

is finally:

We find thatwg scales with7/3 andé, with F2/3, a de-
pendence also establishedrgitas et al(2007).

The plume is thus initialized at the top of the first model
layer by6’g from Eq. (L3) and a mass-fluy = apwg with
a=S/S,, wheres,, is the area of the model grid cell. Note
that this initialization does not depend on tkecoefficient
or h, which thus not need to be specified in the framework of

1/3

’

F \2
pr) 9ve

3gH

— F fr—
0 pCprwo

(13)

d—i apwu\/k—z)

"9z ]

wherel is a characteristic length of the fire geometry, defined
as+/(S). We taker=30m 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 Holtslaf996:

(16)

d=5f

e=¢f

In the thermal plume model oRio and Hourdin(2008,
$=0.002 nT! ande=0.0008 nT?, values deduced from sim-
ulations of shallow cumulus. However, mixing rates should
probably be an order of magnitude lower for deep than for
shallow convectionTiedtke 1989 Siebesma and Holtslag
1996. As pyro-convection can be either shallow or deep,
we makee and§ inversely proportional to a characteristic
dimension of the plume, taken a4(S), so that the larger
the plume, the smaller the relative mixing. Detrainment is
larger than entrainment and we haxeSs with §=1//(5)

(17)
(18)

this study. Those coefficients are related to the surface temand=0.4.

perature exces& — 6y, which thus could be deduced from
0’0 making further assumptions da and#.

2.4 Specification of mixing rates

3 Evaluation of the scheme on two well-documented
fires

Due to boundary layer turbulence, potential temperature inf ©F €valuation of the pyro-thermal plume model we first sim-

the environment of the fire is well-mixed above the surface

ulate pyro-plumes generated by two well-documented fires:

layer, up to a specific height that corresponds to the minimunf* Poreal forest fire in Canada and a savanna fire in South

of virtual potential temperature flux. In this mixed layer, we

Africa.

assume that the lateral entrainment of environmental air exé_1 The Chisholm fire in Canada

actly compensates the narrowing of the plume coverage due

to acceleration (as:ﬁ). This would lead to a fraction The chisholm fire occurred between the 23 and the
covered by the plume independent of height in the absenceg May 2001 in Canada and burned an area of 100000 ha
of detrainment. This large convergence of air explains the, ASRD, 200]). On the 28 May a pyro-cloud was ob-
fast decrease of temperature with height commonly observederyed above the fire and emissions were retrieved above
above fires. If we suppose th@p rather tharw is constant e tropopause, in the stratosphefeofnm and Servranckx
within the mixed layer, in the absence of detrainment, By. ( 2003, located at 12km in this region. Environmental

leads to: conditions issued from ERA40 reanalysis at fire location
dw? (55N/114 W) the 28 May 2001 at 16:30LT are illustrated
O‘Pa_z =apy (14) in Fig. 3. The mixed layer height is estimated to be approxi-

mately 2500 m.
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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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Fig. 4. Plume characteristics above the Chisholm fire: virtual potential temperature excess (K), vertical velocity &mdscloud liquid
water (g kg 1).

The P'Ume generated by the Chisholm fire has'been SIMUTaple 1. Comparison of plume characteristics (injection height,
Ia.ted with th? 3-D mesosca}le ATHAM model (Active Tracer yjral potential temperature excess, maximum vertical velocity)
High resolution Atmospheric ModeDberhuber et al1998 a5 obtained with the ATHAM high resolution modelTnentmann
Herzog et al. 1998 by Trentmann et al(2009 andLud- et al.(2006 and with the pyro-thermal plume model.
erer et al(2006. The horizontal resolution used is of 100 m

while the vertical resolution varies from 50 m near surfac;g to Trentmann et al. (2006)  pyro-thermal
150 m at the tropopause. The pyro-plume is thus explicitly

resolved and we use results from their simulations as a ref- Zg‘;”‘X 124%O£m 125&0“1
erence. From their studies we extract fire characteristics we 0

1 1
need to initialize the pyro-thermal plume model. The quan- Wmax 40ms 40ms

tity of consumed fuel is estimated to be=76 000 kg ha?.
The speed rate at which the fire propagates=is.5ms.
Trentmann et al(2006 consider a fire front 15km large €valuation of the scheme stays rough at this stage. However,
and 300m deep. From this depihof the fire front we the simulated injection height of 10200 m, is slightly too
can deduce the heat flux released by the fitel /d. Thus, low and does not allow emissions to reach the stratosphere
for the Chisholm fire, we obtaif=202703kwnt! and located at 12km.

F=675kW n12. As suggested blyuderer et al(2006, 50%

of this heat flux is assumed to be effectively used for convec-3-2 Fire in the Kruger National Park in South Africa

tion, the other half for radiation. However this distribution is
still subject to discussions.

We now consider a savanna fire that took place in the Kruger
National Park in South Africa during the SAFARI campaign
Characteristics of the plume simulated by the pyro-thermalin 1992. Environmental conditions from ERA40 reanaly-
plume model for a heat flu¥=337.5kWnT? and an ac- sis at fire location (25S/31E) the 24 September 1992 at
tive burning ares&s=4.5 kn¥ are represented in Fig. Main 14:00LT are shown in Fig3. The inversion at the top of
features are compared in Tadlavith values extracted from the boundary layer is much stronger than for the Chisholm
Trentmann et al(2006 (values are approximately deduced fire. The mixed layer is estimated to be around 1500 m.
from their Figs. 10 and 11). An excess of temperature of Results are more difficult to evaluate because vertical char-
an order of 40K, as well as a maximal vertical velocity acteristics of the convective plume are not referenced. How-
of 40ms! are obtained. Those features are in reasonablever, Stocks et al.(1996 report a plume reaching about
agreement withTrentmann et al(2006 results, even if the 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, 34832010
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Fig. 5. Plume characteristics above the Kruger fire: virtual potential temperature excess (K), vertical velocity émdcloud liquid water
(gkg™).

They estimate the density of savanna burned to 3786 kg ha generated by the Kruger fire. We also neglected the water
The fire lasted several hours, devastating 2333 ha. The propaelease in the plume by biomass burning. Sensitivity tests on
gating rate is estimated to be 1.62 m §Stocks et al.1996). all these parameters are performed in the next section.

From those characteristics, we can deduce the intensity of

the fire front/=10 906 kW nT! for d~700m and a heat flux 3-4 Sensitivity to fire characteristics and scheme

F=15.6 kW n12 (50% of which is assumed to be available parameters

for convection). As can be noted, those values are far weaker L ! .

than those related to the boreal forest fire in Canada. Plum(§'4'1 Sensitivity to fire characteristics

character|§t|cs obtglned with those definitions and an .eSt"Injection heights obtained by varying either the heat flux re-
mated active burning surface of 1 Rnare represented in

Fig. 5 leased or the active burning area are represented irb Fag.

_ ) ) . the two environmental conditions of the Chisholm fire and
The excess of virtual potential temperature is of 3.1K inyhe ryger fire. In the boreal conditions of the Chisholm

the first model layer, more than ten times weaker than for th&;re there is a sharp transition from plumes confined in the

Chisholm fire. This excess is of 2K at 1000 m and becomesyje |ayer to plumes reaching 10 km when the heat flux re-
negative above 2000 m, where the vertical velocity is maxi-|oased increases from 5 kWrato 20 kKW n1-2 for an active
mal and of 12m's*. No pyro-cloud form above the fire and b, ming surface of 4.5 kA or when the active burning area
the thermal plume reaches 3300m. Comparing with obsery,reases from 0.4 kéto 1 kn? for a heat flux released of
vations fromStocks et al(1996), the plume height is 600m 337 5w 2. In the conditions encountered in the Kruger
too high, with no cumulus cloud at the top. National Park, the evolution of the injection height depend-
o . ing on the heat flux released is more continuous. However,
3.3 How to explain discrepancies? if the heat flux could reach values encountered in boreal re-
gions, the injection height would reach 7000 m in such con-
These tests of the pyro-thermal plume model on two dif-gitions. Such injection height can also result from very large
ferent cases, a pyro-plume reaching the stratosphere in baire fronts (10 kn?) for realistic heat flux in that region.
real regions and a plume being trapped in the lower tro- The injection height is thus sensitive to both environmen-
posphere in South Africa, bring into evidence some differ-t3| conditions and fire characteristics, as already reported by
ences between results and observations which can have sekann et al.(2007); Trentmann et al(2002; Freitas et al.
eral sources. First, the plume initiation is controlled by fire (2007). However, in a reasonable range of estimated values
characteristics, the heat flux available for convection and theyf the heat flux and of the active burning area in the cases of
active burning area, on which large uncertainties still remain.the Chisholm fire and the Kruger fire, the simulated injection
Second, the thermal plume model has been initially develaneight does not vary significantly.
oped to represent shallow plumes induced by an excess of |n the standard version of the pyro-thermal plume model,
temperature of the order of 1K. It is thus used here in conthe water available for condensation is that provided by lat-
figurations for which the scheme has not been |n|t|a”y de'era| entrainment of Surrounding air. A test was also per-
veloped for, possibly leading to deep convection. As mixing formed in which the additional water coming from the burned
intensity is different whether convection is shallow or deep, hiomass is taken into account, assuming that each kilogramm
we modified the definitions initially prescribed for shallow of hiomass burned releases half a kilogramm of water, so that

convection by choosing a formulation depending on plumethe corresponding excess of water at the base of the plume is:
dimensions, potentially adapted to both shallow and deep
q

convection. However, this intermediate formulation may ex- g, = —— (19)
plain the underestimation of the plume height generated by pwo
the Chisholm fire and the overestimation of the plume heightwith F, = 0.5kg kg L.

Atmos. Chem. Phys., 10, 3463478 2010 www.atmos-chem-phys.net/10/3463/2010/
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Fig. 6. Sensitivity of the injection height to the heat flux releasgd, the active burning surface), and the ratio e/d for the Chisholm fire
(top) and Kruger fire (bottom) conditions.

For the Chisholm fire, the injection height increases from4 Application to pyro-plumes in Southern Africa and to

10230 to 10370 m and for the Kruger fire from 3370 to
3400m. As already mentionned hyiderer et al.(2006,

taking into account the water released by the biomass burned _ _ o
seems to have no significant impact on the injection height. 4.1 The diurnal cycle of fire characteristics

3.4.2 Sensitivity to scheme parameters

injection height to8 = e/d is given in Fig.6 (right). For the

their impact on the diurnal cycle of CO in the free
troposphere

Several studies report that the normalized frequency of fires
follows a strong diurnal cycle, active fire pixels being max-

As already mentionned, mixing with environmental air plays Imum in mid-afternoon @iglio, 2007 Justice et &).2002.

a major role in convection dynamics. Entrainment in partic- Hére we assume that thi.s diurnal cycle is close to a Gaus-
ular drives the plume characteristics. The sensitivity of theSian centered around 15:45LT with a standard deviation of

1h. This Gaussian function is used to specify the diurnal

Chisholm fire,e/d = 0.1 allows to simulate a plume reach- evolution of fire heat flux and related G@missions. The

ing 12 km, while for the Kruger fireg/d = 0.8 leads to an

injection height lower than 3km, in better agreement with £co, are thus specified by:

observations. Thug,/d = 0.1 seems to be better suited for

instantaneous heat fluX and flux of CQ released by fires

deep plumes while/d = 0.8 for shallow plumes. This point (1) =FN () (20)
deserves further investigations, howevéd = 0.4 is an in- and

termediate value which allows to obtain satisfactory results

for the two very different cases considered here. Feoy,(t) = Foo, N (1) (21)

The sensitivity of the injection height to the parameter
controlling the detrainment in the mixed layer is weak (not whereX = %fOTX(t)dt, T being the duration of one day and

shown). Here we keep =30m as in the original thermal

plume model.

standard deviation=1h (N = 1).
Even if there are some discrepancies between model re- Typical values forF and Fco, encountered in Southern
sults and observations or high resolution simulations avail-Africa need to be specified.
able for the Chisholm fire and the SAFARI fire in the Kruger plume model is not able to take into account the variabil-
National Park, the pyro-thermal plume model proposed herety of fire characteristics within a grid cell. As an alterna-
is able to reproduce the main features of the pyro-plumegive, we choose to specify mean values of fire characteristics
in those two cases and is thus appropriate to simulate inwhich may contribute the most to the total emissioKs-
jection heights for a large range of conditions. In the nextrontzi et al.(2003 estimate that in semi-arid regions, 60% of

N the normalized Gaussian centered around 15:45 LT and of

However, the pyro-thermal

section, the scheme is used to evaluate injection heights antthe total area burned is related to 3% of the fires, those burn-
CO, transport at regional scale over Southern Africa. ing more than 100 kf) while 43% of fires burn less than
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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

sowreew e S0TE B0 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 turbulendeo(iis, 1979, deep

Fig. 7. Mean CQ emissions from biomass burning in convection Emanuel 1991, clouds Bony and Emanuel

kg m—2 day_l for July 2006 over Southern Africa as derived by 2001) and radiation lflorcrette 1984. Two types of sim-

(Liousse et al.2010 and extrapolated to the GCM grid. ulations are conducted: a reference simulation with the stan-

dard version of LMDZ in which C@emissions are injected

. . uniformly in the first model layer (REF), and a simulation in
0,
1ka. , devastating on!y 2% of the total area burned in thoseWhich the pyro-thermal plume model is activated (TH) and
regions. The larger fires are thus the less frequent, but ar

responsible for most of the emissions. and for the most in missions are injected at the base of the pyro-thermal. In that
P ’ case, the flux of C@at level H must equal the surface flux

tense pyro-plumes. This is why we choose to consider suc .
large fires in the following. During the dry season 19B8r- Il?)sftﬁl?sz The concentration of C&at the base of the plume

bosa et al(1999 report a total burned area over the season

of 1541000 kr for 456 Tg of biomass burned. This corre- qco, () = Feo ) (24)
sponds to a density of biomass burned of 2960 kgt haf apwo(r)

we consider a propagation rate of 1.5Mgthe fire frontin- 4.3 Injection heights

tensity is/=7894 kW m 1, which corresponds to a heat flux

F=99 kW nm2 for a front depthd=80m or F=39 kW ni 2 The simulated injection height varies in space and time as it
for d=500 m. Values forF of dozens of kW m? seem rea- depends on the heat flux and environmental conditions. The
sonable, an intermediate value between the Chisholm fire anchaximal injection height computed over the 20 last days of
the Kruger fire. For simplicity, the active burning area of a July with simulation TH is represented in Fig(left). The

fire is kept constant during the day, and we take2 kn?. maximal simulated injection height varies from 2500 m in
This value is quite large, but does not intend to take into ac-the East to 6000 m in the center of the continent and reaches
count the restrictive active burning area, but an area warme@500 m in the south-west of the considered region.

enough by the fire to initiate convection, which may include  This maximal injection height is compared with the mean
the flaming part of the fire and the just burnt surroundinginjection height reached when emissions pass the bound-

LATITUDE
T T T T T

oL NULWrU O N

CO0O0DO0OO0 00D D
]

area. The integration of EqL)in time gives: ary layer height and with the mean boundary layer height
, in Fig. 8 (middle), where heights are averaged between 5S

s | Fdi=sE 29 and 20 S. _Th(_a boundary layer he_ight is located around 2 km.
/ (D)t fot (22) 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-

—  YitE jection height passing 2 km, it is finally larger than 4km is

F= ST (23) represented in Fig8 (right). Those results show that part of

fire emissions from intense fires in the Tropics can be directly

We consider a maximum value fd@t of 80 kW ni2. For injected above the boundary layer in the free troposphere,

Fco,, we use monthly mean emissions for July 2006 asand if so, in more than 30% of cases directly between 4 and

derived byLiousse et al(2010 in the framework of the 7km over the South-West part of Southern Africa.

AMMA field campaign at a daily scale with a resolution of

1 kmx1 km. Emissions estimates are computed from burnt4.4 CO, transport at global scale

areas given by the L3JRC product using Spot-Vegetation ) o

satellite Tansey et al.2008, the Global Land Cover veg- The vertical distribution of C@ ave_raged over the_ 20_ last

etation map developed at JRC-Ispra, biomass densities arfifys Of July between 5S and 20 S is represented irtH.

burning efficiencies from AMMA observationdvifeville simulations REF (left) and TH (middle). In both simulations,

et al, 2009. Figure 7 displays the mean emissions over JuIyC,OZ is emitted 'in the fir§t model layer, uniformely in simula.-
extrapolated to the GCM grid. 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

so that we have:
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Fig. 9. Vertical distribution of CQ 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 withg = 0.1 (right).

pyro-thermal plume model mainly affects the vertical distri- the scheme could be further evaluated, for example to specify
bution of CQ over Southern Africa. In simulation REF, the the value ofg, from observations of C&®concentration in
concentration is maximal near surface and decreases abovbat region.

boundary layer top. When the pyro-thermal plume model

is activated, the maximal concentration is located around4.5 Diurnal cycle of CO; in the troposphere

700 hPa so that the concentration within the boundary layer

is less and emissions are spread farther to the east at highgf,g pyro-thermal plume model is now used to investigate
levels. The peak of the Groncentration vertical distribu-  the potential impact of pyro-plumes on the diurnal cycle of
tion is also shown for those simulations in FIp for the ¢, in the free troposphere. A vertical section of the am-
region from 60W to 60 E and 30 S to 10N. This figure con- iy de of the simulated diurnal cycle of GQdifference be-
firms that CQ is transported farther to the north in the REF v een 19:30 LT and 07:30 LT) averaged between 5 and 20 S
simulation and farther to the east in the TH simulation. and over the 20 last days of July is represented in Fig.

As illustrated in the right panels of Fig8.and10, where ~ for simulations REF (left) and TH (right). In the reference
results are displayed for a simulation in whigh= ¢ /d = 0.1, simulation, the C@ evening excess is maximal near the sur-
the CQ vertical and horizontal distribution may also depend face in a range between 4 and 8 ppmv. Above, the signal de-
on the specification of mixing between the plume and thecreases and vanishes around 800 hPa. When the pyro-thermal
environment which determines the heights where @®m plume model is activated, the signal has two maximal val-
the plume is detrained into the troposphere. This modifies!€s, one near the surface of about 1 ppmv and another one
the mass-flux and then both entrainment and detrainment éround 700 hPa, reaching 3 ppmv. This maximum is related
each level. With3 = 0.1, less CQ is detrained at low levels, to CO; being rapidly transported from the surface and de-
where easterlies are dominant, which explains the differencérained from pyro-clouds.
of the CQ distribution over the Atlantic Ocean. More GO Those results can be explained by the following “back of
is detrained at higher levels, between 600 and 500 hPa, wheithe enveloppe” estimation of the atmospheric Gf@ncen-
it is transported down eastward. Those results illustrate howration increase due to fires and the corresponding diurnal

www.atmos-chem-phys.net/10/3463/2010/ Atmos. Chem. Phys., 10, 34832010
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simulation REF (left) and TH (right).

cycle. The fire induced convection introduces a vertical dis- Half of the ventilation occurs during the night, so that
tribution function () for the effective injection of Cg@ so the evening minus morning difference of €@oncentration

that the increase of GQover one day due to fire emissions equals%cong €/2. As a first approximation, we can ex-

alone at pressure levelreads: pect the evening minus morning difference of £&ncen-
tration to be half the concentration increase per day due to

€(p) =AFco,8t1(p) (25) biomass burning emissions that would occur without consid-

ering any ventilation. Note that this means that this evening
excess of C@does not depend on the large-scale circulation,
but only on the increase of G&oncentration per day. This

wherea is the factor converting the flux of COnto a con-
centration of CQ (in ppmv):

5o 8 Mair (26) relationship between the evening minus morning difference
Ps uco, of CO, concentration and the daily GOnjection, as well
) as the role of the large-scale circulation, are illustrated more
Py being the surface pressure and explicitly on a 1-D and a 2-D ideal cases in the Appendix A.
1 As a first estimation, let us consider a source of
P, / I(p)dp=1 (27) 1000 nT2 montht (~30 g 2 day1) which injects CQ

, between 07:30LT and 19:30LT in a layer 300 hPa deep.
Starting from a CQ free atmosphere, the G@&oncen- |, that |ayer, we get an increase of €@ one day of
tration in the region of fires will build up days long under _ _ g5 ppmv. The evening minus morning difference of CO
fire emissions, until an averaged balance is reached betwegR h4t layer will then be of an order @f2=3.25 ppmv. This

daily CO; injectione and daily ventilation by large-scale ad- 5)¢ is close to the maximum obtained around 700 hPa with
vection. This latter term is of the order ef%cozq, 1% simulation TH (Fig.12).

being a typical wind speed, the size of the source region
and CG the CQ concentration at equilibrium, so that:

L
cofi= 2 28
27Vt (28)
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4.6 Simulation of the satellite retrieved Daily 1
Tropospheric Excess

The previous estimation considers the effective amount of
CO, released to the atmosphere. However, observations of 10
the DTE are sensitive to only a part of the atmosphere as il-
lustrated by the weighting function in Fig2 (after Chedin |
et al, 2003. The observed DTE is thus the vertically inte-
grated evening minus morning difference obtained with the 100 =

weighting function ), so that: -
1 0
DTE= — (COZYpm —CO27um)W(p)dp (29) 1000
§Jps 0 0.002 0.0040.006 0.008 0.0

Observations of the DTE signal in July is represented in
Fig. 13 (after_Chedln et.al, 2008. It reachgs 3 ppmv pver Fig. 12. Weighting function of CQ column satellite as determined
Southern Africa. The simulated DTE obtained with simula- by Chédin et al (2003
tions REF and TH are displayed in Fifj4. In simulation ' '
REF, a CQ excess of a few 0.1 ppmv is obtained around 5N

and around 10 S, while a deficit of G@s obtained around from CO, emissions is displayed in Fig4 (right). The spa-

Zs’tﬁom gver_lar;]d an_d ogea?.t_ Th%é'gnal Ot')atameldtmdt["‘:tial distribution of the DTE obtained is quite close to the
orinern Hemisphere in simulation may be related 14, ulated one with simulation TH. By construction however,

the diurnal cycle of deep corwection which is very aciive in this direct scaling of surface emissions is zero outside of the

the Northern Hemisphere in that season. As already S€€ource region, while the real DTE signal can be significant in

n Fig. .10’ emissions are transported farther to the nqrth Ir'surrounding areas, due to preferential directions of the large-
simulation REF, where they can be transported to still UP-<.ale advections

per levels by deep convection. In simulation TH, results are . .
much closer to observations. As observed, the largest sig- The DTE signal is between 0.5 and 1 ppmv over the source

nal is obtained over the region where £®as emitted. The region,. _This value is still lower Fhan_ the 3ppmv observed
restriction of the signal over a specific region is due to theby Chedin et al.(2005 2008. This difference can be due

0 several uncertainties in both observations and modelling.

averaging over several days. Indeed, a DTE signal is aIS(% . o .
obtained daily in each simulation over other regions, partic- quation 60) aIIows_ to qllstmgwsh t_hre_e different sources
of uncertainties: estimation of G&missions from biomass

ularly over ocean. But due to different advection scales, th?b . determinai f th tical distributi
DTE signal is not at the same location from day to day so tha urning (FCQZ)‘. etermination ot the vertical distribution
of those emissions in the atmosphere (the function | simu-

the averaged results give a DTE signal only significant overI ted. f le. by th th Lpl del d
the region where it is most persistent. The analysis of thet‘;1 ed’ or (ta.xamp;?r,] y .ehp;.yro—f errpa P ;Jmet rn? eL’ an
simulated daily DTE versus observations is further shown in € derivation ot the weighting function ot sateflite obser-

Chédin et al. (2009). Those results confirm that the DTE Sig_vgtlonfs. L";‘)Fge uncirtamtles arl]r_ehstlll rgladted tc(j)]gC@nls- |
nal can be attributed to the diurnal cycle of fire activity, with slons from blomass burming, which are deduced from severa

CO;, being transported from the surface to levels above thevariables independently evaluated, among them the burning
boundary layer height along the day. area. In addition, the simulation performed here corresponds

The DTE signal can also be d.irectly estimated from to July 2006 while the observed signal is averaged between
biomass burning COemissions using the previous deriva- 1987 and 1990. The difference could thus be due to inter-

tion for which CQ is uniformly emitted between 800 and annual variability of C@ emissions. Concerning the pyro-
thermal plume model, the simulated vertical distribution of

500 hPa: L X -
CO, emissions strongly depends on the prescribed mixing
1 (e g Mair rates between the plume and its environment. This point
DTE=— | =W (p)dp = Fco,5t r 30 . . . . .
Py /p 2 (p)dp €02 2P 1ico, (30) has to be investigated further in the future using observations

. ] . o and high resolution simulations of pyro-plumes. Uncertain-
whereT is a factor defined from the vertical distribution ias of an order of 50 hPa may also affect the location of the

function of fire emissions and the weighting function: peak of the weighting function of satellite observations. Of
1 course the maximum DTE signal would be obtained in case
['= Ffl(p)W(p)dp (31)  the peaks of the distributions and W coincide. By shift-

ing the peak of the vertical distribution of G@oncentration
If we consider thaf (p)=1 between 500 and 800 hPa and 7 from 650 to 350 hPa, we gel'550=0.47, '450=0.57 and
0 elsewhere, we gdis50=0.31 and the DTE signal obtained I'350=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 measuremeftsdaln et al(2003.

| | | | | | | | 1 | | | | | | | | 1 10°N | | | | | | | | 1

0.9 0.9 0.9

b rEeos b rEos B L EHos

0.7 0.7 0.7

0° A 0 = 0° A 0 rEos6 0° 0 FElo6

u | L5 o | | §os | | Bos
: A - o1 & .
5 10°S - ‘ 80z 51075 | 8oz 5 10°S h FBo.2
‘ 0.1 0.1 i | Boa

7 o 7 o 0
~0.1 —0.1 oc | LE-o01
20°S K=y 20°S =y 20°s . 02
T T T T T T T -03 T T T T T T T -0 B B B B -03

20°W 0° 20°FE 40°E 60°E 20°W  0° 20°FE 40°E 60°E 20°W  0° 20°E 40°FE BO°E

LONGITUDE LONGITUDE LONGITUDE

Fig. 14. Daily Tropospheric Excess of CQppmv) in July as simulated by simulations REF (left) and TH (middle) and estimated frgm CO
emissions by assuming a uniform injection of £émissions between 800 and 500 hPa (right).

Note that part of the differences between the simulated and When implemented in the LMDZ General circulation
observed DTE could also come from contaminations of themodel, the pyro-thermal plume model injects directly a large
retrieved DTE signal by either ozone, dust or smoke aerosolsraction of fire products well above 4km, in the region
or remaining (undetected) thin clouds, however not expecteaf African biomass burning. Because fire emissions oc-
to exceed 1 ppm at that time of the year (se@dh et al., cur mainly during the afternoon in this region, this pro-
2009). duces a 2-ppmv amplitude diurnal cycle of £€@oncen-
tration in the mid-troposphere, as first suggestedCbhgdin
) et al.(2009 from remote sensing. The vertical integration of
5 Conclusions this evenings minus mornings G@oncentration using the
In the present study, the thermal plume modeRo6 and weighting function of satellite retrieval gives a Daily '_I'ro-_
pospheric Excess of an order from 0.5 to 1 ppmv, which is

Hourdin (2008 is adapted to the repres.entatlon of the verti lower than the 3 ppmv obtained IBhédin et al (2008 from
cal transport by plumes generated by fires. The model com- . . IBhe

; R ! o . observations. The discrepancy may come from the large un-
putes the vertical distribution of fire emissions induced by

! . : . . ertainties that remain on fire characteristics and emissions,
pyro-convection given fire characteristics (burning area anqsﬁrom the vertical distribution of C@above fires computed b
heat flux released) and environmental conditions. The mode P y

L . . o fthe pyro-thermal plume model and from uncertainties on the
is first shown to satisfactorily reproduce the characteristics o : . L :

N ; : .~ observed DTE signal. A direct estimation of the DTE signal
two well documented fires in boreal and tropical regions in 1_from CO, emissions is also proposed, which only depends on
D configuration. Sensitivity tests to fire characteristics show brop ' y dep

: - e the vertical distribution of fire emissions and on the weight-
that, despite less favourable conditions, emissions from trop- . ; s
. . ing function of satellite sensitivity, and not from large-scale
ical fires may also penetrate well above the boundary layer : . L . : .

. : o advection. This estimation allows recovering simply the sim-
depending on the heat flux or burning area. Sensitivity tests

to scheme parameters highlight the key role of mixing pre_ulated DTE signal when assuming a vertical distribution of

scription between the pyro-plume and its environment. In the]clre EmIssIons.

future, 3-D explicit simulations of large fire plumes may help A step further would be to take fire emissions and char-

validate, tune and improve the pyro-thermal plume model on@cteristics into account more precisely. Observations of
those aspects. 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 along: [0, L] in the presence of 1-D advection with a constant wirelLO m/s for
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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 efpigasied curve).

like CO, Q3. Simulations could be extended to the whole — ———
globe using global maps of GOemissions from biomass _2z{: |

. . £ 20 T

burning. When available, global maps of heat flux released g ‘ g
. . . . o 181 h oS 189 |

would be very useful to compute the injection height. A = ;1 \$58 ~ ] %
promising method is the use of the Fire Radiative Power ~ 5 = = O <\
derived from satellite measurements, which integration over ™“{: = = =+ ¢ 0 W N N
the lifetime of a fire should be proportional to fire emissions e 2(‘:( 21‘0;(2)k:)u By e 2('1 j‘ogék:)“ B
(Wooster et al.20095. However, such method has not been Day 60 Averaged between Day 30 — 100
validated at regional nor at global scale yet, evenifsucheval- =7 = = | | 2 B

uation is in progressSchultz et al.2009. A scheme likethe  z%]: i :
pyro-thermal plume model will be very useful to understand § | ¢
and predict more precisely the G@oncentration over the ~ x 7]
globe, and help to disentangle the respective role of atmo-> sy

spheric transport on the one hand and of sources or sinks of "

16 17 18 19 20 21 22 23 24 25 26 27 16 17 18 19 20 21 22 23 24 25 26 27

CO; on the other hand. X (x 1000km) X (x 1000km)
[ |
‘ 0‘.2 0}5 I‘ 1.5 2 25
Appendix A Fig. 16. DTE computation for a fire injecting emissions inside a cir-
cle of diameteiL = 3000 km in the presence of constant advection
Academic computations of DTE over the domain at a given time. At timethe wind in thex and

y direction is respectively/ = Ug/(1. +cos27t/7)2)/+/(2) and
Here we present two idealized cases in order to illustrate thé’ = Upsin(2r1/7)/+/(2) with Up=10m/s.t = 1.257 ¢ is chosen
relationship between the Daily Tropospheric Excess (DTE)sO that the oscillation of wind is not in phase with the diurnal cycle.
of CO, and the daily injection of CQ as well as the role On each panel, the concentration is shown (shaded) together with
played by the large-scale circulation on a daily and a monthlyh€ associated DTE contours@.5, —0.4, -0.3,-0.2,-0.1, 0.1,
basis. In the first case, the fire is idealized by a segmen?‘z’ 0.3,0.4,05).
of length L emitting CQ from 07:00 LT to 19:00LT. In the

he fire i ircle with a di f km.
second case, the fire is a circle with a diameter of 3000 km ¢ = U810, wheres=1 day, ando, is the spatial deriva-

Al 1-D computation tive of 0 in x..Sincee is.positive and constant within the fire
area,Q must increase linearly from=0tox = L, where it

In the first case we consider the DTE that would be created iféaches a valu@ =e€L/(Ué1).

a 1-D world by an homogeous fire area over a seg/itgii], As in our 3-D considerations, DTE#2 since half of the

with a constant advection with wintl. For simplicity, we ~ COz sink due to advection occurs between 19:00LT and

assume that fires also emit g@niformely between 07:00 07:00LT.

and 19:00 local time. We denote lythe CQ increment For x> L, the averaged Cfconcentration stays close to

over 1 day due to fire emission alone (as in the main text)Q;. Because the concentration is &2 larger forx = L at

and by Q the CQ concentration. In this simple cas@=0 19:00LT than at 07:00 LT, exactly the opposite will be obtain

upstream of the fire emission (fe<0). In the fire emission beyond the emission region at= L + U§t/2 due to pure

region, the average balance in quasi steady state regime &dvection.
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This result is checked numerically fok = 3000 km,
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first few days to reach a steady-state diurnal cycle. Final con
centrations are shown on the left panel of Fi§. As ex-
pected, the concentration increases linearly witho reach 1o publication of this article is financed by CNRS-INSU.
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