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Abstract. We investigate the ability of a mesoscale model 1 Introduction

to reconstruct CQ fluxes at regional scale. Formally, we

estimate the reduction of error for a @®ux inversion at ) )

8 km resolution in the South West of France, during four daysCOnstruction of a coherent picture of the global carbon cycle,
of the CarboEurope Regional Experiment Strategy (CEREszompatlble Wlth all_avgll_able observations remains an impor-
in spring 2005. Measurements from two towers and twotantand elusive scientific challenge. The two complementary
airplanes are available for this campaign. The lagrangiarfPProaches are termed bottom-up or top-down. In bottom-
particle dispersion model LPDM was coupled to the non-UP @Pproaches pointwise estimates of 8change at the
hydrostatic model Meso-NH and integrated in a matrix inver- Surface Baldocchi et al. 200]) are integrated in space and

sion framework. Impacts of aircraft and tower measurementdime or are used to validate and calibrate land surface mod-

are quantified separately and together. We find that the con€!S Krinner et al, 2009 together with satellite retrievals of

figuration with both towers and aircraftis able to significantly Surface properties. In top-down approaches, these integrated
reduce uncertainties on the 4-day averageg @@xes over fluxes are inferred from their signatures on atmospheric con-
about half of the 302300 kn? domain. Most of this reduc-  centration after being transported in the atmosphiereifg,

tion comes from the tower measurements, even though th&009. A coherent description requires that both methods
impact of aircraft measurements remains noticeable. |mperprovide statistically consistent flux estimates. Furthermore,

fect knowledge of boundary conditions does not significantly tN€ uncertainties on the two estimates must be small enough

impact the error reduction for surface fluxes. We test alter-at €ach estimate carries meaningful information. Uncer-

native strategies to improve the impact of aircraft measure2inties on bottom-up estimates increase with spatial scale (as
ments and find that most information comes from measureMOre extrapolation is required) while uncertainties on top-

ments inside the boundary layer. We find that there would b&lOWn estimates increase witlecreasingscale due to the ill-
a large improvement in error reduction if we could improve conditioning of the inverse problem and the smoothing of at-

our ability to model nocturnal concentrations at tower sites. MoSPheric transporgting 2002. The problem is compli-
cated by the difficulties of simulating atmospheric transport

at smaller scales on the continenBegls et al.2007 Pérez-
Landa et al. 2007). There have been very few cases with
dense enough observations to test consistency. The CERES
campaign described belovdélman et al. 2006 is an at-
tempt to do this over a limited domain. This paper describes
the components of a top-down inversion system to estimate
fluxes over the domain of CERES and to evaluate the poten-
tial of various atmospheric measurements to constrain fluxes.

Correspondence tar. Lauvaux Actual inversion estimates will be described in a future paper
BY (thomas.lauvaux@Isce.ipsl.fr) once all necessary data is validated.
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Fig. 1. Map of the vegetation types and the instrumentation over the CERES domain for the 2005 campaign.

The potential of measurements is evaluated by their im-2 Description of CERES
pact on the posterior uncertainty of fluxes (63door et al,

Z_OOQ R_ayner 6!”“ O'Brien2001, Law et al, 20(_)3' In prin-_ During CERES Dolman et al. 200§, CO, concentration
ciple this requires only knowledge of the prior uncertainty o q\;rements on instrumented towers and aircraft were col-
covariances for data and concentrations plus knowledge of, 4 during six weeks in May—June 2005. The CERES do-
atmospheric transport, i.e. no depenQence on data or ﬂuxeﬁlain includes the pine forest of Les Landes (West) and a
themselves. Howgver there IS a regwrement f9r consstencyarge agricultural area with a mixture of winter and summer
between the quality of the final simulation (difference be- crops, in the south west of France (Fig, from Bordeaux
tween s_mulat_eﬂ Elmlg obsle rved concer:_tre_ltlons)l a”?‘ thefdagﬁ the north west to Toulouse in the south east. Compared to
unce_rtalnty Michalak et al, 2003. .Rea Istic eva uation of  qiher regional studies involving aircraft (e $tephens et al.
possible data must therefore consider the ability of the mod—200Q Gerbig et al, 2003 Filippi et al, 2003, the CERES

elling system to simulate it. The paper therefore includes 34omain covers a smaller region of about 3BMO km with
simple comparison of prior simulation and observed concenyq aral flights each day. Other experiments on similarly-

trations. sized domains were described ligsz et al, 2005 which

. Thehouglgggfsthe Paperis ?i fOHOWS_: Fw;t we kr)]nefly re- comprised a larger set of instrumented towers but without air-
view the > campaign. Then we Introduce the VarouSeraft, and Dolman et al(2002 where aircraft were used but
elements of the inversion system. We commence the resul

. . . e . Rithout towers.
with a brief comparison of the a priori simulation and ob- . . . )
servations then discuss the constraint afforded by the vari- 1he CERES experiment involved two aircraft measuring

ous observations. Finally we investigate various alternative2fmospheric C@during several Intensive Observation Peri-
strategies for airborne and tower sampling. ods (I0OP), and two towers (Marmande and Biscarosse) mea-

suring atmospheric C£continuously (Figl). Both towers
provide CQ concentrations every 30 min, which we average
hourly. The Biscarosse tower is located 2 km from the At-
lantic shore, in the pine forest of Les Landes, at 50 m height
on a 70 m hill. Marmande is located further inland, at 20 m
height, between the pine forest and the agricultural area to

Atmos. Chem. Phys., 8, 3453471, 2008 www.atmos-chem-phys.net/8/3459/2008/



T. Lauvaux et al.: Mesoscale inversion 3461

the East. In this paper, we study a 4-day period betweemment locations and travel to the surface and the boundaries.
the 23 at 6 p.m. to the 27 of May at 12 p.m. which includes Compared to a forward mode, all the particles here are used
the second IOP of the campaign (26 and 27 of May 2005)to estimate fluxes, which reduces the computational cost of
The two aircraft, a Piper-Aztec and an ECO-Dimona, flew the simulation. The lagrangian model LPDM was enhanced
ten times between the 23 and 27 of May during the morningto simulate aircraft observations based on the precise trajec-
and the early afternoon, with different transects in the regiontory of the airplane estimated by GPS (Global Positioning
We used all the flights in this study. Some flights consist of System). At each second, 10 particles are released at the po-
a vertical profile above the pine forest; some others corresition of the aircraft. A longer integration time would yield
spond to a transect from Biscarosse to Marmande, and alsmore particles and hence more reliable Lagrangian statistics
longer ones from Bordeaux to Toulouse mostly in the plan-but would misrepresent the aircraft trajectory. We use higher
etary boundary layer. CfOconcentrations are measured at resolution for the aircraft measurement period because the
high frequency (1 Hz), then averaged to three-minute periodgventual particle distributions are more sensitive to the ex-
as detailed below. plicitly resolved vertical velocity.
The dynamical fields in LPDM are forced by mean hori-

zontal winds (u, v), potential temperature, and turbulent ki-
3 Models netic energy (TKE) from MESO-NH. At this resolution (less

than 10 km), turbulent motion corresponds to the closure of
In order to perform a mesoscale inversion, the non-the energy budget at each time step. This scalar is used to
hydrostatic atmospheric mesoscale model MesoN&fdre  quantify turbulent motion of particles as a pseudo random
et al, 1998 was coupled offline to the lagrangian disper- velocity. Based on the TKE, wind, and potential tempera-
sion model LPDM Uliasz, 1994. MesoNH enables us to ture, the lagrangian model diagnoses turbulent vertical veloc-
simulate atmospheric dynamics at high resolution within theity and dissipation of turbulent energy. The off-line coupling
domain together with high frequency G@bservations of between an Eulerian and a Lagrangian model solves most
the CERES campaign. The Lagrangian model is compu-of the problems of non-linearity in the advection term at the
tationally efficient enough to allow the multiple backward mesoscale. Most of the non-linear processes resolved by the
tracer calculations required for the inversion. While the res-atmospheric model are attributed to a scalar representing the
olution of mesoscale models improves the simulation (andvelocity of the particles.
hence utility) of observations it comes at the cost of a lim- At each timestep (from one to 20s), particles move with a
ited domain size and limited duration. We use a two-way velocity interpolated from the dynamical fields of the MESO-
nesting with resolutions of 8 km and 2 km with 65 levels to NH simulation (5 or 20 min). The timestep depends on
13km altitude. We simulated the 27 of May at 2 km reso- the TKE, following the discretization describedTihomson
lution which is an intensive period of flights, and included (1987. Each time a particle touches the surface, its posi-
it in the longer simulation of 23-27 May at 8 km resolu- tion and release time are saved. Particles here should not be
tion. The 2-way nesting configuration keeps the consistencyonsidered as individual molecules (lost when touching the
of the dynamics between the different grids, which allows surface) but as an air parcel influenced by (tDxes as it
us to use the particle distributions from different runs to- moves along the ground.
gether. These two simulations use the analysed data from The formalism for inferring source-receptor relationships
the ECMWF as initial and boundary conditions. Dynamical from particle distributions is described bgeibert et al.
fields were saved each 20 min, or five min during the flights,(2004. At each time step, the fraction of particles (released
for the off-line coupling with a lagrangian model. The dy- from one receptor at one time) within some volume, gives
namical fields at 2km resolution allow a more precise de-the influence of that volume on the receptor. If the volume
scription of the vertical transport during the flights. An inter- includes the surface this will yield the influence of surface
comparison study between different RAMS (Regional Atmo- sources. If the volume includes the boundary (sides or top) it
spheric Modeling System) model versions, WRF (Weatheryields the influence of that part of the boundary. The particle
Research and Forecasting model), and MesoNH (all couslistribution at the beginning of the study period defines the
pled with biospheric models and prescribed anthropogenidnfluence of the initial condition. The influence function is
emissions) showed their ability to reproduce observeg CO thus decomposed into three different terms, corresponding to
concentrations measured by aircraft during the CERES camthe initial concentration, the surface source contribution, and
paign Sarrat et al.2007). the boundary fluxedReylin et al, 2005.

The tracer backward transport was simulated here by the Mesoscale inversions face the problem of modelling a
Lagrangian Particle Dispersion Model (LPDM) described by limited domain with potentially high contributions from the
Uliasz (19949. Particles are released from the receptors in aboundary fluxes. Regional inversions at the continental scale
“backward in time” mode with the wind fields generated by (e.g.Gerbig et al. 2003 use large domains and long study
the eulerian model MesoNH. In a “backward in time” trans- periods to decrease the impact of the lateral boundary and ini-
port mode, particles are released in LPDM from the measuretial concentrations. In our study, the time period and domain

www.atmos-chem-phys.net/8/3459/2008/ Atmos. Chem. Phys., 8, 34332008
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size are limited by computational cost which forces us to deakoncentrations at the boundary as described above. Minimiz-

with both explicitly. Concentrations at domain boundaries ing the equation with respect toyields

are defined by a grid of°lby 1° resolution (as typically used 1

by atmospheric general circulation models) on the horizontals = sg + C(S)J” (JC(so)JT + C(d)) (d — Jsp) (2)

and 2 levels on the vertical corresponding to the boundary ) . ) ) _

layer and the free troposphere. The two levels for the boundMore important for this work is thg posterior error covariance

ary fluxes appear as additional unknowns in the inverse systor sources given by the expression:

tem. To separate thege layers, we use an averaged height @f(s)—l = C(so) t 4+ I7C(@)~1J ?)

the boundary layer, given by the daily mean boundary layer

top. This coarse description of the boundaries has the adWe do not solva in this paper, but focus on the uncertainties

vantage of introducing fewer unknowns in the inversion, andof s (C(s)) that do not depend on the observatidrisut only

still makes it possible to study the impact of boundaries onon their error<C(d) and a prior error covariandg(sg). We

the different receptors. The spatial extent of an aircraft obsernotice in Eq. (3) that the posterior covariarCé) depends

vation is defined by the integration time for the related obser-on the prior covarianc€(so). This dependence will be dis-

vation. A time interval of 3 min produced the best compro- cussed for our inversion by doubling the prior uncertainty for

mise between the need for sufficient particles to gather goodhe lateral boundaries, to estimate the impact on the error re-

statistics and the ability to resolve the observed distribution.duction for the surface and the boundaries. The value of the

Considering the velocity of the aircraft (about 150#y a  prior flux error was set to 2 gntday* for the surface and

3-min time window corresponds to a receptor of less than4 ppm for the boundaries.

8 km long, which is the resolution of the dynamical fields in ~ Concerning the estimation of the observation uncertainty,

Meso-NH. we assessed it by the comparison of the model results with
aircraft data during the day, and tower data during day and
night. The largest difference is about 3ppm on different

4 Inversion flights of the 27 of May. Taking into account the uncertainty
of the LPDM model, and the lack of temporal correlations,

The lagrangian model backward simulations provide the maWe Set this diurnal observation error at 4 ppm. The diurnal
trix of influence functions (frequently called the Jacob#n var|a_1bll|ty of the model error for tower data is shown in the
the sensitivity of each observation to each unknown. The siz&€ction6 over the four days. _

of the J matrix corresponds to the dimension of the vector Finally, we define the error reduction as :

of surface fluxes plus the unknown boundary concentrations. 0 post 4

The surface fluxes comprise 200 points multiplied by the "~ O prior “)
time resolution of surface fluxeé§" (either 1 for a mean flux
or 2 for a split of day and night as explained below).

whereo (x) is the square root of the diagonal ©fx). opost
The boundary concentrations are divided into two levels €Presents Fhe posterior error, angior the prior error. Re-
trieving a single mean flux over four days is equivalent to

and 5 horizontal grid cells for each side of the domain. The . % : X
. . - retrieving fluxes at every time step but assuming perfect tem-
observations consist of 102 hourly concentration measure- . .
oral correlation for every point. From the study@fieval-

ments from each tower plus an observation each 3 min fronf

each flight, i.e. 852 observations for the ten flights. The num-t;ieésethaelr'ézﬁgze?a;r?: gg&ﬂ ?(”)(;tg g:\l/;)t(:;:"?#éattﬁebé/o?-
ber of elements in the J matrix is finally 81487 x 102x 2 P '

+ 8140 ST x852. relation of 'ghe qmerences between modelled and observed
) ) . . . CO; fluxes is still more than 0.5 after 5 days. Our assump-
The dimension ofl makes it possible to solve the inverse

i . ) . ion of a perfect error correlation over four days is therefore
problem using the classical matrix solution for one average

; efensible. Concerning the spatial correlation of the prior er-
flux per grid cell over the four days or for separate average

fl for d dniah 121987 Enting 200 or covariance, we assumed uncorrelated flux errors on the
uxes for day and nignt. (e.g’araptoa  Enting 2. domain, as the weakest constraint for this inversion. Using
Briefly we minimize a cost function:

a spatial error correlation would lead to assume spatial co-
herences in Cflux errors which were not clearly identified
at this scale byChevallier et al(2006§. We do not expect

x%= %[(s —s50)7C(so) (s — s0) our prior fluxes to capture the amp.litude of_the diurnal cycle.
; L We hence allow separate correction of diurnal and noctur-
+Js —d)’ C(d)~(Js — d)] (1)  nal mean fluxes. The separation is somewhat similar to that

of Zupanski et al(2007) but separated by time rather than
Wheres represents the unknown sources we seghhe by process. We also investigate the more optimistic option
a priori source estimatel the observed data ar@(x) the where the prior flux captures diurnal variability sufficiently
uncertainty covariance of a vector quantifyandJ include  that we need only correct the daily mean.

Atmos. Chem. Phys., 8, 3453471, 2008 www.atmos-chem-phys.net/8/3459/2008/
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Fig. 2. CO», concentrations observed (solid line), modelled with MesoNH and ISBA-A-gs (dashed line), and modelled with our linearised
transport for the inversion (dotted line), at the towefafBiscarosse antb) Marmande from the 23 of May at 6 p.m. to the 27 at 12 p.m.

5 Experiments paths of the next CERES campaign planned for April and
September 2007. For this, we tested different altitudes of

From Eq. 3, the error reduction depends on the prior and obyirtual ﬂlghtS in the boundary Iayer and tried to infer an Opti-
servation error covariance matrices and the Jacobian. For th@al height from diagnostics of particle distributions and from
observation error, the model error is the main contributionthe spatial extent of the influence function. Based on one
in our inversion system, compared to measurement uncerflight from the 2005 CERES campaign, we created 12 vir-
tainty, aggregation and representation errors. We estimatedl,.lal fllghts with constant altitudes from 100 to 2500 meters.
for each tower, the difference between modelled and mealhe horizontal coordinates used for these virtual flights cor-
sured atmospheric GQroncentrations during the four days respond to a long transect from Bordeaux to Toulouse. This
using the prior estimates of flux. Additionally, we present the optimization gives a first constraint on aircraft measurement
results from the direct simulation of MesoNH coupled with Strategy and on the dependency of spatial extent of the fluxes
ISBA-A-gs to identify any differences between the inverse influencing the observations to flight altitudes .

linearised transport model and the initial direct simulation In @ third experiment, the impact of the altitude of £0
used to generate the influence functions. This comparisofineasurement towers was investigated. The sampling altitude

will be used to introduce the temporal structure of the uncer-0f near-ground stations continuously measuring Gftgely
tainty and its related impact on the error reduction. determines the spatial extent of the area influencing the mea-

We conducted three experiments with the inverse systemStrements. Tall towers observe g€oncentrations in the

For each of them we optimized G@luxes for the four days mixed layer and are able to provide information coming from
of measurements and for each model pixel at 8 km resolylarger areasiavis e_t al, 2003 Gloor et al, 200,])' We mod-
tion. In the first experiment, we tested the potential of theelled here a potential tall tower of 300 m height at the exact

observations performed during the CERES campaign to reposition qf the a}ctgal Biscarosse tower (real al'titu<'je i; 50 m).

duce uncertainties on GGluxes. This study produces maps The spatial variation of the surface flux contrlputlon is then

of error reduction over the domain. The error reduction wasS0mMpared to the actual one over the 4-day period.

mapped to a final resolution at 8 km. The different receptors

are simulated separately during the period. Biscarosse, Maly  Reasults

mande, and ten different flights were combined to estimate

the final potential of the method. The last case uses onIy th@uring this 4-day period, C&xoncentrations were measured

two towers, but we separated the flux into two terms, a diur-continuously at the two towers, except for a gap in the data

nal and a nocturnal, including the temporal structure of theseries of Biscarosse starting the 25 of May at 6 p.m. for about

observation uncertainty from the previous result. We assesgo h. The comparison of the prior fluxes transported by our

here the impact of the nocturnal and diurnal observations ifacobian with the data shows the diurnal variability of the ob-

the system considering the previous comparison. servation error, much larger during nighttime than daytime,
The second experiment aimed at optimizing the flight especially at the Marmande tower (Fig). The nocturnal

www.atmos-chem-phys.net/8/3459/2008/ Atmos. Chem. Phys., 8, 34332008
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accumulation of the atmospheric €@t this site reaches that affect this observation. It also defines the time period of
530 ppmv during the second night, whereas the modelledbbservations affected by the initial condition. The synoptic
concentrations in the direct simulation and for the linearisedwinds were weak during May 27 (about 38), which makes
transport reach about 430 ppmv and 440 ppmv respectivelythis estimation an upper limit for the other days.
During the day, the difference between the observed CO For the first experiment, we ran an inversion using only the
concentrations and the linearised transport solution is aboutwo towers, measuring throughout the 4-day period (6.
5 ppmv for the two tower measurement sites, consistent withn the vicinity of the towers ( tens of km), error reduction can
the previous quantification of the observation uncertainty. Atreach 90% but decreases rapidly to 50%. In the directions
the biscarosse tower measurement site, the diurnal variabilef the main daily winds, the reduction is about 30% 300 km
ity of the CQ, concentrations is about 20 ppmv, with an error from the towers, in a narrow band. On the boundaries, the
of about 10 ppmv compared to the two modelledGn- reduction of error is less than 1% and almost uniform on
centrations. The linearised transport solution shows a largdifferent sides of the domain. When using only the flight
diurnal cycle up to 25 ppmv, slightly higher than observed atfrom Biscarosse to Marmande (Figp), the largest error re-
the tower. Although these errors seem lardichalak et al, ductions (about 90%) occur for one or two boundary pixels
2009 noted that, for statistical coherence, the prior simula-(100 km per pixel) of the upper western boundary. South of
tion error must be smaller than the observational error plughe trajectory, error reduction is about 5% in a small region of
the prior flux error projected into concentration space. Herefew tens of km. Another region at the East of the Pyrenees,
we use the structure of the error mainly for guidance; it isalso visible in the tower case, shows a reduction of about 1%.
clear for example that nighttime data at Marmande would beThe last inversion uses all the different available measure-
hard to use. ments during the second CERES IOP (Fdg). It shows an
The backward in time simulation begins on the 28 at mid- extended error reduction around the towers from 60 to 90%,
night and lasts 4 days until the 23 of May at 6pm. At the endbut also some regions of larger error reduction in the East
of the afternoon of the 27, a northerly wind prevails at the and South of the Pyrenees of 10 to 60%. As in the aircraft
Biscarosse tower, parallel to the sea shore. During the 26 andase, a few grid cells of the upper boundary show a reduction
the 27 of May, a sea breeze starts around noon, affecting thef about 90%, the rest being less than 10%. The error re-
Biscarosse tower (Figb). The footprint of the Biscarosse duction at the surface is extended by the different flights, and
measurement tower is then localised to the West of the towelincreased by 15 to 20%. Even though one flight shows lim-
over the Atlantic Ocean. During the 27, the Marmande towerited impact (Fig.6b), the addition of the ten different flights
is affected by a strong south eastern wind, amplified by a valis noticeable in the final error reduction.
ley effect. This wind, called the “Autan wind”, is generated  The last setup demonstrates the capacity of the inverse sys-
by the usual synoptic conditions at this period of the year,tem under more limiting assumptions. First, we solved for
with a low pressure system over the Pyrenees mountains. Thievo different fluxes corresponding to the daily and the noc-
cyclonic system induced by the low pressure forces the aiturnal averaged fluxes. Second, we introduced a large diur-
mass from the mediterranean sea to enter the valley betweamal variability in the observation uncertain®(d), of 4 ppmv
the Pyrenees mountains and the Montagne Noire @&).  during the day, and 100 ppmv during the night, which corre-
During the previous night, between the 26 and the 27 of May,sponds roughly to neglecting the nighttime data. This ex-
the two towers show similar footprints to the south east of thetreme assumption also illustrates the impact of the nighttime
measurement towers, corresponding to the Autan wind situdata in estimating both daytime and nighttime LCiuxes.
ation. At the Marmande tower, even though the main windWe used the results from the data comparison to estimate the
direction remains SouthEasterly, the plume of particles dur-observation error, showing large values during nighttime at
ing the 26 of May shows a wave distribution correspondingMarmande tower, generalized here to both towers. The four
to changes in the wind direction. During the 24 and the 25different error reduction maps presented in the Fighow
of May, similar meteorological situations occur alternatively the error reduction when retrieving the diurnal or nocturnal
over the domain. fluxes, considering a constant observation uncertainty or a
Figure 3 shows the dominant boundary influence from large diurnal variability in the model error. The spatial ex-
the West of the domain for the beginning of the 4-day pe-tent of significant error reduction is reduced by the increased
riod. The dominant location changes during the other dayspnumber of unknowns (Figfa and b), and also by the larger
but remains localised, which justifies the fine description of observation uncertainty (Figc and d). Concerning the cases
boundary conditions. Considering the particles released fronusing a constant observation error (Ffg. and b), the error
Biscarosse, we estimated the time distribution of the parti-reduction for the nocturnal flux shows a larger extension but
cles reaching the boundaries during the 27 of May (B)g.  the high values%30%) are reduced to a few pixels around
Within 15 h (backward in time) of their release, 99% of them the towers, compared to the daytime flux error reduction.
left the domain. This result defines the maximum backwardIf we increase the nighttime observation error (Fig.and
integration time for LPDM. Beyond this (earlier in time) d), the error reduction decreases for both fluxes, which im-
there are no more particles in the domain hence no fluxeglies that the nighttime observations constrain daytime and

Atmos. Chem. Phys., 8, 3453471, 2008 www.atmos-chem-phys.net/8/3459/2008/
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Fig. 3. Distribution of the particles (logarithmic scale) released from Biscarosse (B) and Marmande (M) taytbes27 of May between
6:30a.m. and 7:30 a.nfb) the 26 of May between 8:30 p.m.‘and 9:30 p.m.
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Grid points leased in a 400-s interval (equivalent to 200 particles) at Biscarosse
tower.

Fig. 4. Number of grid cells with an error reduction of 1% (solid

line), with an error reduction equals or more than 30% (dashed line, . .
top x-axis) and the averaged value of the error reduction within thedltitudes, from 100m to 2500 m. Three different diagnos-

domain (dash-dotted line) depending on the altitude of the virtualtics were used to estimate the impact of the height of the
flights. trajectory on the surface contribution (Fid): the number

of grid cells with a number of particles corresponding to an

error reduction greater than 1%, the highest reductions of er-
nighttime fluxes in the same way. The nocturnal flux is ror of each flight, and the averaged error reduction for all
mostly constrained by the nighttime observations as showrthe surface grid cells for each flight. The three different
by the narrow high error reduction area around the tower, butmeasures are constant in the boundary layer, and decrease
the diurnal flux is also constrained mostly by the nighttime quickly above it, with almost the same shape. Between 500 m
observations. During the morning, the low boundary layerto 1000 m, the three measures of error reduction vary due to
height concentrates the particles near the surface, whereaschange in the horizontal mean wind. A local horizontal
the high boundary layer during the afternoon distributes thewind shear affects the particle distribution when the simu-
particles throughout the column. As both periods are considiated aircraft flies in one of the main horizontal winds. The
ered diurnal observations, most of the surface influence hapvertical mixing in the boundary layer is strongly dominant
pens during the morning. The surface influence is propagatedompared to the horizontal mixing, implying that any flight
(backward in time by transport) so that morning observationsmeasurement at one location within the boundary layer will
are strongly linked to night time fluxes. be influenced by a similar surface area.

The second experiment arises from the first one, where it The last experiment uses only the Biscarosse tower.
appears that aircraft measurements are a weaker constraihanks to the high resolution of the transport model, we esti-
than those from towers. In order to optimize this contribu- mated the area of influence in the case of a tall tower (300 m)
tion, a series of 12 virtual flights was simulated at different at Biscarosse. Figur8a shows the particle “touchdowns”
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Fig. 6. Error reduction (%) on surface fluxes over the 4-day per{ajiPiper Aztec flight(b) 2 towers,(c) 2 towers+10 flights.

for the real Biscarosse tower (50 m above the ground). Th& Discussion
most important region of influence covers a large area be-
tween Biscarosse and Marmande towers, and also 2 narro®or the second CERES IOP, estimated error reduction larger
bands due to sea breezes on different days of the experimerthan 30% covers an area of about 200 km in the North-South
We also see a smaller area at the East of the Pyrenees direction and 100 km in the eastwest direction. This sug-
with the previous cases. Using the virtual tall Biscarossegests it is possible to do a meaningful top-down/bottom-up
tower, the spatial extent of surface influence is reduced overeomparison for the pine forest and part of the agricultural
all (Fig. 8b), especially around the tower, and elsewhere isarea. Aircraft data showed a small but noticeable contribu-
not visibly enhanced. For the boundary concentrations, retion at the surface, using the same observation error as the
duction remains equivalent at less than 1%. The main dif-one used for daytime tower data. The comparison f&amn
ference is due to a change in nighttime response. Particlemt et al.(2007) showed the relatively smaller observation
released during nighttime are above the nocturnal boundargrror for aircraft data modeling compared to near-ground ob-
layer, compared to the original Biscarosse tower accumulatservations, which is mainly due to the lower variability of
ing particles in the reduced mixed layer. the CO2 concentrations at higher altitudes. We have already
This is a case where our choice to solve for night and daynoted the assumptions about spatial and temporal correla-
fluxes together has a significantimpact. Overall, it seems thations that underlie these results. Clearly, at the resolution
the use of tall towers should be treated carefully in inversionsof a few kilometers, more work is necessary on the topic of
on small regions. Although they are easier to model, (hencdlux error correlation, both in space and in time.
can use lower data uncertainty) a large part of the observed |n our inverse system, boundaries appear to be less well
variability is associated with long range transport, affecting constrained by observations than surface fluxes. The final
the boundary conditions of the limited domain. contribution of boundaries remains limited because particles
released in LPDM touch the surface three times on average
before leaving the domain after passing once through the
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Fig. 7. Error reduction (%) on surface fluxes over the 4-day period using only the tower measureagdisrnal mean flux, constant
observation error of 4 pprtb) nocturnal mean flux, constant observation error of 4 gpndiurnal mean flux, using only daytime da@)
nocturnal mean flux, using only daytime data.

97 253 409 565 721 876 1032 1188 1344 97 253 409 565 721 876 1082 1188 1344

Fig. 8. Particle distribution over 4-day perio(h) Real Biscarosse tower (50 n{h) Fictive tall tower at Biscarosse (300 m).
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(Sarrat et al.2007). The nocturnal accumulation of GGn
the boundary layer at Marmande tower remains lower than
observed in the direct simulation (Figh). The offline cou-
pling with the lagrangian model reinforces this additional
vertical diffusion. The integration of the particles near the
surface is optimal between 50 m to 100 m high during the
night, higher than expected. The reduced height of the noc-
turnal boundary layer explains the diurnal variability. The
absolute error on the boundary layer height during the night
induces a larger relative error compared to daytime, which is
directly related to the modelled G@oncentration. The er-
ror reduction of the diurnal C&Xluxes is less affected by the
larger nocturnal observation error than nocturnab@Qxes.
But the final error reduction is larger for the nocturnal com-
ponent of the fluxes. Considering the inversion setup for
one mean flux, the error reduction using the two towers of
the campaign is reduced but still covers a few tenths of km
(Fig. 9). We suppose in this experiment the model is able to
Fig. 9. Error reductior_l (%) on surfgce fluxes over the_4-day period reproduce the diurnal variability of the G@luxes, as shown
for one mean flux, using only daytime tower observations. in the study ofAhmadov et al(2007) during the same cam-
paign using the coupled model WRF-VPRM. The observa-

) ) o tion error was set to 4 ppmv during the day and 100 ppmv
boundaries. For aircraft measurements, the contribution OHuring the night following our comparison (Fig). The

the boundaries is more important due to the fact that most of;,crease of the diurnal observation error would mainly de-
the particles released at higher altitudes reach the boundariggesse the error reduction by few percents but won't affect
without touching the surface. However, even with the useserioysly its spatial distribution. For future inversions, the
of aircraft, the optimization of the boundary fluxes remains yaliminary analysis of flux model errors, and simulated con-
limited because aircraft measurements represent many fewgntrations, will guide the definition of the final state vector,
particles than continuous ground sites. This means also thaispecially the choice of a daily mean or diurnal and noctur-
the impact of the boundaries on final @@oncentrations ob- 4| components. The prior flux correlations will be guided
served is reduced. The prior uncertainty of the boundariesby analysis of flux tower measurements. The error reduc-
was increased to assess its impact on the posterior error. Thg,, presented here would be affected by these additional el-
error reduction for surface fluxes remains constant while higho ments depending on the hypothesis introduced in the inverse
values at the boundaries show higher reductions. The resugystem.
is explained by Eq. (3). For a give(d) andJ there is a The behaviour of error reduction is sensitive to vertical ve-
larger reduction of error i€(so)~* is smalll, i.e. a large prior locity in the boundary layer. Averaged vertical velocity es-
uncertainty. 'The Iack of impact on the reduc.tion of error for tjmated in a preliminary simulation appeared to be weaker
the surface is explained by the weak coupling between thgnan observed. A simple first approach to examining the im-
surface and boundary parts of the inversion. portance of this issue is to estimate the impact of strongly
Overall, for short term mesoscale inversions, the need fokarying day/night turbulence intensities and depth of mix-
constraint at the boundaries is clear for observations in theéng. This can be approximated with vertical turbulent veloc-
free troposphere, but not in the boundary layer. Global mod-ties of a few meters per second and mixing depths of one
els seem able to give this information at least in the contexto two kilometers for a strongly convective diurnal bound-
of weak mean wind and strong convection near the surfaceary layer such as 27 May. The present LPDM parameteriza-
The use of global models to constrain boundaries might alsaion for boundary layer turbulence corresponds to Gaussian
be critical when using tall towers. As shown by the third ex- but inhomogeneous condition§{omson 1987 Du, 1997).
periment, such towers are mainly influenced by large scaléJsing enhanced mixing in a test, we found that error reduc-
motions. tion was smaller due to a loss of particles to the free tro-
The high spatial resolution used for this inversion showsposphere. A more sophisticated planetary boundary layer
that the most observable flux contribution comes from re-scheme should be developed to improve the vertical mix-
gions close to the measuring instruments within the bounding in LPDM. We also examined the vertical mixing over
ary layer. This spatial distribution is strongly dependent onthe ocean, mostly dominated by wind shear, weaker than ob-
the quality of atmospheric transport, but mesoscale modelserved at the Biscarosse tower due to the complex dynamical
like MesoNH have shown their ability to reproduce complex processes induced by the highly negative energy balance at
dynamical processes in the lower atmosphere during the dathe surface. This development needs the description of other
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dynamic processes such as entrainment and detrainment at CO2 fluxes, 1988-2003, Global Biogeochem. Cy., 20, GB1002,
the top of the planetary boundary layer. We will investigate doi:10.1029/2004GB002439, 2006.

such a scheme in the context of an inversion using actuaBaldocchi, D. D., Falge, E., Gu, L., Olson, R., Hollinger, D.,
measurements. Running, S., Anthoni, P., Bernhofer, C., Davis, K., Fuentes, J.,

Finally, towers are the most important source of informa-  S°ldstein. A., Katul, G., Law, B., Lee, X., Malhi, ., Meyers,
. . . . T., Munger, J. W., Oechel, W., Pilegaard, K., Schmid, H. P,
tion for the inversion of surface fluxes. At the same time, o . i
) . . . Valentini, R., Verma, S., Vesala, T., Wilson, K., and Wofsy, S.:
aircraft measurements allow us to constrain the limits with

g : FLUXNET: A new tool to study the temporal and spatial variabil-
only a small effect on the final surface fluxes and their pos- ity of ecosystem-scale carbon dioxide, water vapor, and energy

teri_or uncertainties. The combination of these observgtions flux densities, Bull. Am. Meteorol. Soc., 82, 2415-2435, 2001.
defines a complete framework to assess sources and sinks f@busquet, P., Peylin, P., Ciais, P., &, C. L., Friedlingstein, P.,
mesoscale domains. and Tans, P. P.: Regional changes in carbon dioxide fluxes of
land and oceans since 1980, Science, 290, 1342-1346, 2000.
Carouge, C.: Vers une estimation des flux de;@Drogeen, PhD
8 Conclusions thesis, 2006.
Chevallier, F., Viovy, N., Reichstein, M., and Ciais, P.: On
We have developed a demonstration system for regional in- the assignment of prior errors in Bayesian inversions of
verse modelling at the meso scale, and tested it for the gO_?losijgsgfzOg‘é’gszgf&phggdeRes' Letters, 33, L13802,
CERES intensive campaign (2nd I0P). Using available mea- oL . N
. avis, K., Bakwin, P., Berger, B., Yi, C., Zhao, C., Teclaw, R., and
surement locations and dates, a large part (more than 50%

. - . . Isebrands, J.: The annual cycle of £€&nd H20 exchange over
of the domain (300km 300 km) is constrained with an er- a northern mixed forest as observed from a very tall tower, Glob.

ror reduction larger than 30%. No spatial a priori correla-  change Biol., 9, 1278-1293, 2003.

tion was used to enlarge the impact of the data. Concentrapolman, A. J., Noilhan, J., Durand, P., Sarrat, C., Brut, A., Piguet,
tion measurements on towers play a major role in reducing B., Butet, A., Jarosz, N., Brunet, Y., Loustau, D., Lamaud, E.,
uncertainties for surface fluxes, whereas aircraft measure- Tolk, L., Miglietta, R. R. F., Gioli, B., Magliulo, V., Esposito,
ments above the planetary boundary layer influence mostly M., Gerbig, C., Krner, S., Galdemard, P., Ramonet, M., Ciais,
the boundaries. The intensive period of flights improved the P.. Neininger, B., Hutjes, R. W. A., Macatangay, J. A. E. R.,
error reduction at the surface by 15 to 20% compared with Schrems, O., &ez-Landa, G., Sanz, M. J., Scholz, Y., Facon,
the two tower-only case. This implies also a reduced impor- G- Ceschia, E., and Beziat, P.. CERES, the CarboEurope Re-

o . gional Experiment Strategy in Les Landes, South West France,
153??12;:;r(z)tz((j:lac?tl)ggrr\]/glttig):ss compared to surface influence May-June 2005, Bull. Am. Meteorol. Soc., 87(10), 1367-1379,

d0i:10.1175/BAMS-87-10-1367, 2006.
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