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Abstract. We performed an atmospheric inversion of the 34 g Cnf) was derived from the posterior uncertainty ob-
CO, fluxes over lowa and the surrounding states, fromtained with our reference inversion of about 25 to 30 TgC
June to December 2007, at 20km resolution and weeklyand from sensitivity tests of the assumptions made in the in-
timescale. Eight concentration towers were used to constrainerse system, for a mean carbon balance over the region of
the carbon balance in a 1000000 knf domain in this agri- —183Tg C, slightly weaker than the reference. Because of
cultural region of the US upper midwest. The £bncen-  the potential large bias(24 Tg C in this case) due to choice
trations of the boundaries derived from CarbonTracker wereof background conditions, proportional to the surface but not
adjusted to match direct observations from aircraft profilesto the regional flux, this methodology seems limited to re-
around the domain. The regional carbon balance ends ugions with a large signal (sink or source), unless additional
with a sink of 183 Tg @&35 Tg C over the area for the period observations can be used to constrain the boundary inflow.
June—December, 2007. Potential bias from incorrect bound-
ary conditions of about 0.55 ppm over the 7 months was cor-

rected using mixing ratios from four different aircraft profile ]

sites operated at a weekly time scale, acting as an additiona  Introduction

source of uncertainty of 24 Tg C. We used two different prior o _ _

flux estimates, the SiBCrop model and the inverse flux prod/Atmospheric inversions have been used to quantify the ex-
uct from the CarbonTracker system. We show that inversechanges of Cobetween the atmosphere and the continents,
flux estimates using both priors converge to similar posterior@nd the atmosphere and the oceans, each of them contribut-
estimates (20 Tg C difference), in our reference inversion, bui"d o @ significant part of the global carbon cycles et al.
some spatial structures from the prior fluxes remain in thel99Q Francey et al.1995 Bousquet et al200Q Chevallier
posterior fluxes, revealing the importance of the prior flux €t @, 2010. Uncertainties and variability amongst studies
resolution and distribution despite the large amount of atmoJémain large Gurney et al.2002, especially for the conti-
spheric data available. The retrieved fluxes were compared€ntal surface exchanges that are highly variable in time and
to eddy flux towers in the corn and grassland areas, revealin§Pace and closely related to land use change, climate vari-
an improvement in the seasonal cycles between the two con@bility and ecosystem responses to environmental changes
pared to the prior fluxes, despite large absolute differenceéCanadell et a).2007). The misrepresentation of atmo-

due to representation errors. The uncertainty of 34 Tg C (oSPheric processes in the transport modBiker et al. 2007,
Stephens et gl2007), the lack of available measurements
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338 T. Lauvaux et al.: Corn Belt inversion

around the globe responsible for the ill-conditionning of the error correlation structures from largedylin et al, 2005 to
problem at large scale€fting 2002, and the errors of very small Chevallier et al.2006 length scales.
representation at the scales they have been perfor@eslg In this study, we developed a mesoscale inversion at 20 km
et al, 2007, limit the potential of the method. resolution generating inverse fluxes from June (start of the
Several studies attempted to reduce these major sourcaaeasurement campaign) to December 2007, at a weekly time
of uncertainties by improving temporal and spatial resolu-scale (7.5 days), over the Mid Continent Intensive (MCI) do-
tions, from global to continental scales solving for homoge-main, including lowa and the surrounding states, known as
neous flux areas called ecoregioRe{ers et al.2007, But- the “Corn Belt” area. This unique instrumental deployement
ler et al, 2010, or pixel-based fluxesqarouge et al.201Q of concentration towerdMiles et al, 2010 and the presence
Gourdji etal, 2010 Schuh et a].2010, and from continental  of the National Oceanic and Atmospheric Administration
to regional domainslL@uvaux et al.2009gq Gockede et aJ.  (NOAA) aircraft profile sites $weeney et al2011), http://
20103. www.esrl.noaa.gov/gmd/ccgg/aircraft/index.hterhable the
Refinement of the resolution requires the deployement ofmost data-constrained regional inversion. The abundance of
high density measurement networks in order to solve for thecrops in the area (corn, soybean, wheat) includear@ G
increasing number of unknowns in the state vector. Past camvegetation types, with a contribution of 20 to 40% by C
paigns were limited to a few surface tower sites or flights crops on the growing season gross photosynthetic 0
for a short period of time as CERES (CarboEurope Regionathange Griffis et al, 2010. The apparent atmospheric sink,
Experiment Strategy){olman et al, 2006 or for very lim- due to the prevention of the decomposition of crop material
ited areas as in the bay of Valencia, (i.e. during the RECABafter harvest, is one of the largest contributions to the overall
campaign,Pérez-Landa et gl2007. Second, the bounded US carbon budget annuallyMest et al. 2011), even though
simulation domain becomes an important limitation if not this carbon is released by livestock and humans elsewhere in
well-informed of the CQ inflow and requires the accurate the country during the following year. The strength of the
knowledge of concentrations representing the far field influ-atmospheric signals and the observation network are optimal
ence Rodenbeck et al2009. The boundaries require then conditions to test the potential of an atmospheric inversion at
additional observation datasets to inform the system abouthe regional scale.
potential biases due to incorrect carbon mass in the air flow. We first describe the system and the different models used
Third, as inverse methods rely on a sufficiently good prior to generate the transport fields used to link concentrations to
flux estimate, the performances of terrestrial ecology modeldluxes and their related uncertainties (cf. S&t. Then we
need to be enhanced by finer vegetation description, espeestimate the inverse fluxes using two different prior fluxes
cially its phenology, and a good description of the diurnal over the area, one being the direct results of the vegetation
variability (Corbin et al, 2008 Gourd;ji et al, 2010. Finally, model SiBcrop Lokupitiya et al, 2009 and second the prod-
the mesoscale atmospheric transport models, even if bettarct from the CarbonTracker inverse systeRefers et al.
able to simulate the atmospheric dynamics driving hourly2007), that we compared to several eddy flux sites over corn
concentrations compared to general circulation modidhs ( and grass ecosystems (cf. S&t.We ran several sensitivity
madov et al.2007), are still affected by transport errors from tests and demonstrate the importance of the different compo-
parametrizations of the Planetary Boundary Layer dynamicsents of the system, especially the assumptions made in the
in particular Gerbig et al.2005 Sarrat et a|.20073. error covariance matrices, the potential errors due to bound-
More recent studies have shown the potential of the at-ary conditions, and tested the potential of the system in a
mospheric inversion methodology atthe mesosdadeyaux  more general case. Finally, the remaining uncertainties and
et al, 20093. The evaluation of the inverse fluxes was lim- the potential of the inverse system are discussed in 8ect.
ited to 18 days at 8km resolution, but this study demonstrated
for the first time the improvement of the fluxes in time and
space against direct flux measurements from aircf@ibl{
etal, 200.4). Over longer time;cales, relativ_ely small biasgs 2.1 Analytical inversion framework
at short time scales become increasingly important leading

to large final uncertainties at the annual time sc&lehllh  The inverse system used in this study is an analytical inver-
et al, 2010. Even if the use of high temporal frequency sjon framework Tarantola 2004 correcting for temporally
data increases the amount of information in the systeaw(  ayeraged fluxes over 7.5 day periods, separated into the av-
et al, 2003, the flow-dependence of the error structures N eraged daytime (6a.m. to 6p.m.) and nighttime (7 p.m. to
the observation space increases with data density too, shovx@a.m.) components at 20 km resolution, and boundary mix-
through model error propagatiohguvaux et al.20099 or  juq ratios. We solved the inverse problem using the classical

variograms of model-data mismatoBérbig et al. 2003).  matrix solution by minimizing the cost functiof defined as
Finally, flux errors from ecosystem models used to generatgg||ows:

prior fluxes can be correlated, but studies at different time
scales and using different models revealed a variety of spatiat’ = é[(x —x0)" B (x —x0)+ (Hx — y)" R (Hx — y)] (1)

2 Theinverse system
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wherex are the unknown flux vector we invert forg the a
priori flux estimatey the observationd{ the influence func-
tions, andR andB the uncertainty covariance matrices of the
observations and the fluxes respectively. The control vector
x includes the surface fluxes and the pre-processed bound
ary mixing ratios, and the influence functidhdescribes the |
relationship between the observed mixing ratios, the surface
fluxes, and the pre-processed boundary mixing ratios. Mini-
mizing the equation with respect toyields:

x=xo+BH (HBH" + R)"Y(y — Hx0) 2)

We can define the posterior error covariantdor sources
given by the following expression:

At=B '+ HT"R'H ()

For the boundaries, we defined two different time frequen-
cies that are applied to the different boundary condition time
series for each tower: hourly, and every 90 h, as explained in
Sect.2.5.3 In our inversion, the contributions of the bound-
ary conditions to the modeled concentrations (referred as Wl Mixed Forest 1 Carn Grassland
boundary conditions) are defined for each tower separatel
and only vary in time (i.e. no spatial description of the inflow
in the inversion). The initial boundary condition is computed

‘ Ring2 tower ‘ NCAA tower  MpmNOAA Alrcroft profile VEddy Flux site

)Ilzig. 1. The Mid Continent Intensive domain with the dominant
plant functional types and the observation locations including the
fconcentration tower sites used in the inversion (Ring2 and NOAA

I?] thbe dlrgct_SImular’ﬁlon Snd Co_rreslpond_s to tf;]e Influe_)nlce 0 towers), the boundary conditions (NOAA aircraft profiles), and the
the boundaries at the observation location. The spatia Coméddy-flux sites used to evaluate the posterior fluxes.

ponent is also considered during the pre-processing using
the aircraft data and the influence functions (one for each
boundary) to correct for biases. In the inversion, we adjust

. . et al, 2010, part of the North American Carbon Program
the overall inflow for each tower and at each time step using

. . N (Ogle et al, 2006 (cf. Fig. 1). Five of them were deployed
the surface tower mixing ratios but no explicit adjoint model. from 2007 to 2009 as additional sites for inversion purposes
The final state vector dimension, on a grid of $&B0 km '

at 20km resolution (49 grid points in each direction) and on ~100m high towers, located in and out of the corn belt
for two components (nig%ttim% and daytime), ranges fromo oo Cer_utervnle, Meaq, Ro_und Lake, Ga_leswlle_, and Ke-
49%49% 2+ 2x8 — 4818 (90 hour frequency a,t the bound- wanee (Fig.1). These five sites were ngped W!th cavity
. . . ring-down analyzersGrosson 2008, calibrated daily, and
aries, or 2 unknowns per observation sites over 180h) to

related measurement errors are 0.2-0.3 ppm for the hourly
49.X49X2+ 180~8=6242 (hourly frequency at thg bound- averagesRichardson et al2011). One Ameriflux site, Mis-
aries, or 180 unknowns per tower). The observations are

the hourly frequency (1808 = 1440 observations per 7.5 aéourl OzarksGu et al, 2006, on a 40 m tower was calibrated

d 0 ; . . i includ b i during the period to provide an additional observation site
ays). One of our inversion setups includes observation erEJIuring our study period. Finally, two NOAA tall tower sites

ror correlations depending on the time of the day, but not our, ere also available in the area: Park Falls (LEF), and West

r?fe_replce setLIJp. ghte trfinfsp(t)rr]t etrror corrttalatlczjnsl wen(aj (.jeft'gg\granch (WBI). We used 100m sampling heights from all the
at similar scaies but hot for the transport model USed In iSeyo o 14 remain consistent. Compared to previous regional

A nservative choi rror correlations wer a . . .
study. As a conservative choice, error correlations were use ampaigns, the large number of observation sites offers the

tions versus 4818 to 6242 unknowns). Inver;e fluxes overhourly resolution for this study.
7.5 day periods are decorrelated from one period to the next,
considering the low temporal correlations in daily averaged

flux errors over few daysqhevallier et al.2008. 2.3 The prior fluxes and their associated errors

2.2 Mixing ratio towers over the MCI Two prior flux estimates are used in this study: the first
is the direct simulation of C®Net Ecosystem Exchange

We used hourly C@mixing ratios from seven towers all lo- (NEE) with the SiBcrop vegetation modéldkupitiya et al,

cated in the Mid Continent Intensive Experiment afddds 2009, and the second is the optimized flux estimate from the
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CarbonTracker inverse systedters et al2007). The CQ match limits representation errors between site-level obser-
fluxes of the first prior were simulated using the Simple Bio- vations and grid point modeled fluxes. The final standard
sphere model including the recent developments of crop phedeviations represent 30 to 50% of the weekly net fluxes,
nology and physiology (SiBcrop) at 10 km resolution and atand 40 to 70 % of the total mismatch once projected in the
hourly time step, forced by the NARR meteorological renaly- observation space. The uncertainty assessment was finally
sis product (North American Regional Reanalysis). This ver-controlled by computing the reduced® value. Depend-
sion of SiB (okupitiya et al, 2009 includes a parametriza- ing on the plant functional type (PFT), the maximum val-
tion of the Leaf Area Index (LAI) and the fraction of Photo- ues for the standard deviations range in the growing season
synthetically Active Radiation (fPAR) for crops that showed from 5umolm2s-1 for grassland to 10 pmolnfs—1 for
better agreement in comparison to eddy flux sites than preeorn, and 1 to 5pmolm?s~1 during fall and winter. Er-
vious NDVI-derived phenology. The allocation of carbon to ror flux correlations are based on the vegetation cover map
the different pools (leaves, roots, stems, flowers,...) is esticombined with an averaged correlation length. We defined
mated on a daily basis, the leaf pool being used to estimat¢he ecosystem spatial error correlation as the minimum of
the LAI, and the crop harvest takes place after maturity ofthe vegetation fraction for one given ecosystem in the two
the plants. In each pixel, three fluxes corresponding to thepixels (following the SiBcrop ecosystem classification, from
three dominant vegetation types are computed. The total fluxokupitiya et al, 2009, usually from 0.4 to 0.8, as follows:
corresponds to the sum of the three fluxes weighed by their ec eco eec
relative vegetation fraction. The second prior fluxes used inComn = MINCAe%, £7°%) (4)
this study are the inverse flux estimates from CarbonTracke\rNith €% the correlation coefficient between the pixel
2009 system (CJog) for the year 2007, computed at & iy - eco,
N ) . . and the pixel for the ecosystem type egoand @ the
1° resolution, and a 3 hourly time step over North America . . . ; . ;
: fraction of vegetation for eqdn one given pixel. We consid-
(Peters et al2007). The CarbonTracker inverse system uses . .
NN . ered only the three major ecosystem types of each pixel. For
atmospheric mixing ratios from the NOAA global network of . . . .
: L example, two pixels including respectively 25 % and 60 % of
surface stations to optimize surface fluxes over large ecore-

) . . .qorn will end up with.25 correlation coefficient. We com-
gions. Compared to the present inversion system, the spat|a[\). : ) . X
: ; : ined this ecosystem-based error correlation with a distance-
patterns in the inverse fluxes are prescribed for these ecor

) . MYased error correlation (exponentially decaying correlation
glons to compensate fqr the lack of observatpnal constrain in space with a correlation length) to create the final prior
The initial fluxes used in the CarbonTracker inverse systemerror correlation tensor as lrauvaux et al(2009H by:
comes from the Carnegie-Ames Stanford Approach (CASA) '
biogeochemical .modélvyhich lacks a desgription of appligd C = (Céégcéi/szt)(céégcéi/szt)T (5)
phenology that is specific to crops. A linear interpolation
was applied to generate hourly fluxes. Most of the towerswith the associated correlation tensafs, for the ecosys-
used in our inversion are not currently used in,gsl only tem component andyist for the distance component, and
WBI and LEF. These two prior fluxes were used to investi- C’ the correlation matrix in the control variable space. The
gate the importance of the spatial and temporal distributiondefinition of the correlation length in Cyist, based on previ-
of the prior fluxes on the final retrieved estimates. We alsoous studies, is highly uncertain. For example, at the monthly
assess the degree to which the regional cumulative flux wiltimescaleChevallier et al(2006 showed no significant spa-
converge given very different priors (Sibcrop with a June-tial correlations in the model-data mismatch. Other studies
December balance of 109 Tg C sink, and,goffinal product  have used large error correlation lengtRgylin et al, 2005
with 198 Tg C sink) over the region. We also investigated theSchuh et al.2010, with an isotropic distance-based distri-
robustness of the system by adding substantial biases in theution (Carouge et al.2010. In the current inverse sys-
prior fluxes in summer and winter (cf. Sedj. tem, several tests showed that correlation lengths of more
We quantified prior flux uncertainties based on the weeklythan 50 km showed very similar results in terms of inverse
flux model-data mismatch at several locations within the do-fluxes, primarily due to the large observational constraint on
main (cf. Sect.2.6). We first defined the standard devia- the fluxes. Past studies estimated clear spatial structures for
tions as the maximum difference observed during the yeacrops at short distances{00 km) (auvaux et al.20093.
between the weekly averaged modelled and observed NE®Ve decide here to use= 300 km as correlation length, de-
for the three most represented vegetation types of the regioareased by the combination of ecosystem-based correlations.
(corn, soybean, and grassland). This maximum model-datés a comparison, the overall uncertainty on the prior is sim-
mismatch is then normalized for every week following the ilar to L =100 km without considering the ecosystem influ-
seasonal variability of the absolute fluxes (from 1 to 0.2), toence. The choice of the error correlation length does impact
define a weekly standard deviation. The combination of thethe posterior uncertainties and further investigations will be
observed seasonal cycle and the maximum model-data migserformed in forthcoming studies. The prior error variances
were finally slightly modified to adjust the ratio between the
http://geo.arc.nasa.gov/sge/casal observational constraint and the prior errors. We used the
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reducedy? value to adjust the flux error varianceéamin- Duchess Garman et aJ.2006 during summer 2007 over

ski et al, 200]). However, the adjustment of the flux errors lowa (Martins et al, 2009. The vertical profiles ranged

remains lower than 10 % compared to the initial estimates. from the surface to the lower free tropospher&kma.g.l.)

with an approximate ascent/descent rate of 2.5 & non-

2.4 Influence functions and atmospheric transport dispersive infrared differential absorption spectrophotometer
model errors was used to detect dry mole fractions of £&very second,

with an uncertainty of the measurementstdf.3 ppm Mar-

tins et al, 2009. In-flight calibrations were conducted every

The atmospheric transport model used in this study is the3min using a reference gas standard (386.12 ppm) prepared
t the NOAA Earth t R hL t t -
Weather Research Forecast mod&kdmarock et a/2005, atthe NO arth Systems Research Laboratory and trace

. . . . e able to the World Meteorological Organization Central Cal-
including the chemistry module slightly m(.)dlfled' here for ibration Laboratory for C@ (Zhao et al, 1997). Between
CO, (referretd todas V\:RF-ChemQ_ﬁ) EhOeOSIEUIEtIOTO%%-k 15 June to 25 June 2007, nine flights were performed in cen-
ga;lin 1'3 k(;ﬁnr:srglut?onn 8;/:,;1’) C()T\/r?:r;q[mosphe??c goun darym tral lowa, which corresponds to one to three flights every two
. X . Six flights including | -
layer scheme used is the MelIor-Yamada—Nakanlshl—NunoOlays on average. Six flights including long transects and ver

(MYNN) 2.5 scheme akanishi and Nino2004 coupled oy Proies were used n this study o evaluate the aimo
to the Monin-Obukhov (Jancic Eta) scheme for the surface

physics. The atmospheric vertical column was described b 4.4  Atmospheric transport model errors

60 levels, with 40 levels in the lower 2km, the first level

being at about 20 m above ground. The NOAH land surfacéyg estimated the transport model errors in four different
model Chen and Dudhi@00]) was used to simulate the sur- gtens: (1) we evaluated the WRF modeling performance by
face energy balance, and the National Centers for Environgomnaring the simulated concentrations to observations from
mental Prediction (NCEP) Eta/NAM model analysis product ping aircraft transects between June 17 and 25 June 2007
at 40 km resolution was used for the initial and boundary Me-yith six flights presented here); (2) we avoided inconsis-

teorological and surface conditions. tencies in the Lagrangian model simulation by removing ob-
servations showing large differences between the diregt CO
concentrations from WRF-ChemG@nd the backward con-

The influence functions, representing the relationship be_centrations from the LPDM; (3) we computed the aggrega-

tween concentrations at the tower locations and their reIate(E'o.n errors an_d adjoint model errors gsmg the sta_n_dard dgw-
flux footprints at the surface, were simulated with the La- ation of the difference between the direct WRF mixing ratios

grangian Particle Dispersion Model fradiiasz(1994). The ‘Td thtz bf:?\ckzv?rd LPDM mleg ratios over each V\{eek; aEd
mean winds (u,v,w), potential temperature, and turbulent ki-( ) we defined for one setup of our sensitivity experiment the

netic energy from the WRF-Chem G@imulations are used error correlations in the observation error covariance matrix
as input variables each 30 min to drive the particle motionsTO™ pre\f(;%sogtudles based on ensemble simulatibas-(
from the receptor locations (receptor oriented framework),vaux etal, ) . : o

as described ihauvaux et al(2008. 1800 particles are re- We describe here the four steps in more detail. First, we

leased incrementally at equal intervals over one hour period§Valuated the simulated PBL heights by comparing the CO

to describe the influence functions for every hourly observa-vertical distributions to observed GQ@oncentations from

tions. We also ran an additional Lagrangian simulation with Mne aircraft flights that occured between the 17 to 25 June

a limited number of particles (180 per hour) to describe the2007 Martins et al, 2009. The aircraft campaign consisted

boundary influence. In this study, we used the boundary inOf several transects located in central lowa and encompassed
’ ariable altitudes, ranging from a few hundreds of meters

fluence functions to relate every observations with one of the” c !
four cardinal directions, in and above the planetary bound-2P0Ve ground level (in the convective PBL) to a few thousand

ary layer (PBL). The method is described in S&t& The (in the free troposphere). We present results for six flights

final resolution of the inversion was degraded to 20 km at the®’ the campaign with long transects and repeated vertical
surface for computational efficiency of the system, which re-Profiles. The PBL height errors are diagnosed from these

mains adequate considering the spatial dimensions of the fluflights for transition periods (morning to early afternoon) and
patterns in the area. well-mixed conditions (midday to late afternoon), and con-

verted into mixing ratio uncertainties. Results are presented
2.4.3 The MCI 2007 aircraft campaign in Sect.3.
Second, we compared the g@oncentrations from the
For the quantification of vertical transport errors, we useddirect simulation (WRF-ChemCf to the backward gener-
aircraft observations, mainly vertical profiles of g€bncen-  ated concentrations from LPDM for the 8 towers over the 7
trations, that were measured using a twin-engine Beechcraftnonths. Both simulations are coupled to the Sibcrop fluxes at

2.4.1 Atmospheric transport model WRF-CHEM

2.4.2 Lagrangian particle dispersion modeling

www.atmos-chem-phys.net/12/337/2012/ Atmos. Chem. Phys., 12, 3374-2012
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10 km resolution. When the difference is larger than the modeling domain, and the boundary conditions correspond-

standard deviation in the observation error covariance matrixng to the far field influence, i.e. the contribution of the £0

is increased such that the concentration is ignored. inflow from the outer domain to the observed concentrations.
Third, we estimated the potential biases between the twdMe describe in this section the aircraft measurements used

simulated concentrations. The standard deviation is added tto correct initial model outputs, the pre-processing of the

the initial one (from the previous step). This part includes theboundary mixing ratios to reduce the potential biases, and

errors in the adjoint and due to aggregation of the fluxes fronfinally the estimation of their associated uncertainties. This

10km to 20 km. The results and the impacts are presented ipre-processing of the boundary conditions using aircraft flask

Sect.3. data is done independently, before the inversion. The fi-
Finally, we compared two estimates of temporal error cor-nal corrected boundary conditions will be used as prior in-

relations in the observation error covariance matrix. Becausdlow in the flux inversion. Previous studies at the regional

of the continuous flow of the atmosphere, errors affectingscale showed limited impact from the boundaries because of

hourly observations are propagated through time and spacéhe oceanic influence and the orography, forcing the scale of

Lauvaux et al(20090 showed that spatial correlations are the atmospheric processes to mesoscale circulation patterns.

significant below a distance of 150 km between observationThese campaigns were in summer, over short time periods (a

locations when using hourly observations, corresponding tdew weeks), with little changes in the far-field influence com-

a correlation length of 30 to 40 km. Similarlerbig et al.  pared to large local vegetation signaRe(ez-Landa et al.

(20033 found an exponentially decreasing correlation length2007 Sarrat et al.2007F. Over longer time scales, sys-

of about 40 km from variograms of aircraft measurements.tematic errors become increasingly important and need to be

So we have not included any spatial correlation in the ob-corrected Gockede et a).2010h.

servation errors in regard of distances between towers in the .

present network=150 km). But hourly observation errors 2:5:1 Weekly aircraft data from NOAA

are affected by temporal correlations. We used a descrip-_ . .

tion of the temyporalperror correlations for each hour of thgln this study, the flat terrain and the absence of orography

day based on a previous ensemble of perturbed model Sin?rotutr;]d (;ur Somalr:j aI_Iow Iarget c;r_cul?:on p:tterns to laf.-
ulations (auvaux et al.2009h. For each hourly observa- ect the background air cohcentration through seasona’ cir-

tion time step, the correlation coefficients with the following C:::a?on nE,/atte:ns, Itor:]?nudlr;?l niontmvzr;tal Jetts,l, aérg)cé e
hours are prescribed. These correlation functions correspong| al conveyor systems as 1ronts pas (g e al 7)'.
ere, aircraft data, and more specifically vertical profiles,

to the propagation of errors from any hour of the day to the . ; !
following hours. For example, large correlation coefficients were used to correct for biases and misrepresentation of the
' inflow. We used weekly flights operated by the Carbon

relate one hour in the afternoon to the next ones (up to 0.6 ) .
for the first following hours) to lower values during the night Cycle Greenhouse Gases Aircraft ProjeBweeney et al.

(less than 0.4 for the first following hours)auvaux et al. 2019 run by the NOAAS Earth System Research Labora-

(20098 showed the conservation of the transport model er-to?/ ff)N(r)':\'?n/ EIiFOer.bzounr d;I:'eeSS'V\{ci;e :_G::;Crfs At\(q)ar:)es%rle(s)ebr-lt
ror structures during the afternoons, whereas transitions tQur four simufati u es: :

different stability conditions (mornings and late afternoons) serg/:ngkneaBrNBEo n?_:’":g‘ rllll:?ﬁ;; ('?‘AOH)ILBe?]\:jeLCxS; ”?Ig :2
tend to dissipate these structures. In our case, the errorcorr%%;.a aska ( ). Home ois (HIL), a ark rFalls

lation functions are defined over 12 h (linking for example er- isconsin (LEF) (cf. Figl). We compare flask data to mod-

rors at 2 p.m. with the 12 following hours), or less if the cor- elled mixing ratios at the boundaries, for each week of the
relation coefficient becomes negative (e.g., 8 p.m. error cor-_7 months, and_compute a correction which we apply to the
relation function equals zero at 10 p.m.), meaning that the erlnﬂOW boum_janes to remove or at least dgcrease biases by
ror structures disappear rapidly when the stability conditionsP'€-Processing of the boundary concentrations.
are changing. nge, we defined our refer.ence case with ng g5 Pre-processing of the boundary C®

temporal correlation because the correlation functions were

computed with a different mesoscale model (MesoNH in this

case), and over a different region. Though, we compare therhe houndary conditions are defined in two steps: first, we
impact of these error correlations in SeBi6 to our refer-  compute time series at each tower location. Second, these
ence inversion that assumes no temporal correlation to quaiime series are used in the inversion system. But before
tify their relative importance compared to other componentsadding these time series to the state vector in the inversion,

concentrations

of the system. we removed systematic errors with the help of aircraft mea-
N . . surements, and computed their associated uncertainties. The
2.5 Boundary conditions and aircraft observations pre-processing of the boundaries helps to limit potential bi-

. . . ases affecting boundary conditions.
The modeled C@mixing ratios can be decomposed in two

seperate contributions: the local surface fluxes within the
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Four aircraft profile sites were selected to correct for po- - " ——

. . . L. . R AA aircraft profiles | | CT,(, mixing ratios
tential biases in the Ghg mixing ratios. We attributed each (4 sites, flasks) at the boundaries
of the four aircraft profile sites to one or two of the four car- Boundary condition time series
dinal boundaries. The choice of four cardinal boundaries is at the site locations

. . - e CO. mismatch at the (WRF simulation using CT,,)
due to the lack of extensive datasets in space. We limit our botndari )
. A I K oundaries (corrections)
correction here to the mean wind direction represented by 1
the four boundaries of our domain. Two of the sites (AAO e fﬂ! .

H . . ttribution o e corrections
and HIL, cf. Fig.1) located in the South East of the domain using LPDM particle distribution
were both used to assess the South and East boundary cor- | [
rections, LEF for the North boundary, and BNE for the West. Boundary time series gorrectst? tine series Oli

. . . . inti mixing ratios at the
The framework is presented in Fig. First, we compared pneertainees g IO 08

(model-data mismatch) site locations

the aircraft profile mixing ratios to the modeled £gd mole 1 I

fractions integrated over two layers: one PBL contribution

and one free tropospheric contribution. The PBL height is

determined with the LPDM patrticle distribution over the col-

umn, defined by higher densities of particles within the PBL, Fig. 2: _Schematic framewor!< of the bounde}ry cpnditions including
directly related to the TKE profile from WRF. Second, we the mixing ratio pre-processing and the estimation of the uncertain-
computed the model-data mismatches (North, South, Easf!es'

West, with one PBL and one free tropospheric values) at the

exact time of the flights, and averaged them if several flightsc, inflow. We chose two different temporal windows to
were performed during the week. These weekly model-datgnyert for the boundaries at each tower: one hour, and 90
mismatches represent the systematic errors, and are used t9,rs. The dimensions increase witkx 8 = 16 additional
correct the initial boundary conditions from ¢gb. Finally, unknowns when using 90-h averaged boundary mixing ratios
we have to apply the corrections at the boundaries on the timg, 180x 8 — 1440 additional unknowns with hourly bound-
series computed at the tower locations. At each time step, @ry mixing ratios. Hourly changes correspond to large gradi-
correction is applied on the value of the time series dependgnts, whereas several days represent only synoptic changes.
ing on the origin of the inflow. Over a week, hourly ober- Thepretically, longer time windows imply longer temporal
vations are influenced by one or more boundaries (followingcgrrelations in the boundary conditions. The implicit defini-
the main wind direction changes). We identified the inflow tjon of the correlations in the state vector errors implies more
or|g|n.W|th the part.|cle distribution at the boundaries of the ipan the physical duration of events but also the capacity of
domain. The particles are counted over each week on théhe system to invert for biased concentrations. 90h (about
two levels and for each boundary. The selected mismatcheg,yr days) corresponds to the length of synoptic events af-
were then removed from the initial Gds inflow time Series  fecting the inflow concentrations. In our study, we estimated
depending on the boundaries influencing the tower mixingthe poundary condition uncertainties based on the standard
ratios. These corrected values were then included in the ingeviations of the model-aircraft data mismatch, ranging from

version system as additional unknowns, described hereaftey 1, 4 ppm at the hourly time step, and from 0.5 to 1 ppm on
(cf. Sect.2.5.3. The results are presented in SE8 90 h-averages.

Depending on the time of the day, the combination of the
i : s performance of the mesoscale model, the reproductability of
in the inversion system the concentrations by the Lagrangian model, and the bound-
. ary condition uncertainties, the inverse system will distribute
The processed boundary conditions are now treated as agrg atmospheric signals amongst the different components
ditional unknowns in the inverse system, decreasing S"ghtly(nighttime and daytime surface fluxes, and boundary concen-
the observational constraint by increasing the number of el"trations). We discuss in Seet.the impact of these compo-

ements in the state vector (representing both the fluxes anfants and their related uncertainties associated on our final
the boundaries). In the system, we attribute part of the atmoCOZ balance

spheric signals to the boundaries following the uncertainties,

i.e. no transport model is used to attribute atmospheric sig2 6 Evaluation of the inverse fluxes: Eddy-flux sites

nals to the inflow at this step. A transport model was used over the MClI

previously to estimate systematic errors and relate the obser-

vations with the boundaries. Here, we only consider the in-We used observed Net Ecosystem Exchange (NEE) measure-

flow as an uncertainty instead of trying to optimize it without ments from six different eddy-covariance flux sites to evalu-

the help of additional observations. ate the temporal patterns of the inverse analysis. Four are
The temporal window for the correction of the bound- located in the corn area: BondvillMéyers and Hollinger

ary conditions corresponds to the temporal variability of the2004), Rosemount 21 and 18&ker and Griffis2004), and

2.5.3 Optimization of the boundary CO, concentrations
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©365-369 ©381-385
©369-373 © 385-389
®© 373-377 ® 389-393
© 377-381 © 393-397
Observed CO2: ALAR campaign WRF CO2 at 10km resolution

15jun8

Fig. 3. CO, concentrations observed during several flights of the ALAR campaign for 15, 17 and 19 June (on the left) compared to WRF-
ChemCQ concentrations using SiBcrop fluxes (=before flux optimization) (on the right). Colors indicate the mixing ratio range in ppm.
The top of the PBL is indicated by the large vertical gradients from low to high mixing ratios in the free troposphere (green dashed line).
The differences between observed and simulated PBL heights are large during transition periods (mornings), overwhelming signals during
nighttime, but are low during daytime (afternoons), ranging from 10 to 15 % of the PBL height.

Mead (with three sites on irrigated, rainfed, and irrigated focus on temporal behaviour observed during the season and
with crop rotation ecosystemsydrma et al.2005, and two  droughts occuring later in summer of the year 2007. We rep-
in grassland areas: Brookings and Fermi prairie sitéestd- resented eddy flux site errors by the variations across sites,
mala et al.2008), all part of the Ameriflux network (Fig. 1). assuming that representation errors are dominant in our con-
We focused our evaluation on the flux sites whose dominantext.

landcover was corn or grassland in order to gauge the suc-

cess of the inverse fluxes over the most represented ecosys-

tems. The four eddy flux sites over corn are reliable indica-3 Results

tors of the temporal variability but representation errors re- . .
main large when compared to our 20 km resolution inverse3-1 Aircraft data and transport errors due to vertical
product. The ecosystem variability in one given grid point mixing

at 20 km resolution is far from negligeable. The fraction of . : .
. L : \We analyze here model-data mismatch using prior fluxes and
corn in one pixel is between 40 to 60 % in the corn belt area I .
. X pre-processed boundary conditions to characterize the ver-
(referred here as corn-dominated pixels). Eddy flux measure: . :
T . ; tical structures of the lower troposphere and assign realis-
ments indicate larger uptake during the growing season, cori - X :
: . ; ; . tic uncertainties representing transport errors due to incor-

being the most active plant in term of photosynthetic activity

at this time of the yearerma et al, 2009. The uptake is rect vertical mixing. The absolute concentration mismatch

: . is not considered as an indication of transport errors as the
larger by at least a factor of two during the maximum growth CO; flux errors represent the majority of the final mismatch
period (July) compared to other plant types. We used the sea- P jorty '

sonal cycle and the week-to-week variations to evaluate the Figs.3 and4, we show the simulated GAZoncentrations

. . ) \fvithin 4ppm-intervals represented by colored circles against
temporal corrections in the inverse fluxes. We assume that. ; . . )
aircraft observed concentrations during 6 different aircraft

the observed variability in the eddy-flux measurements is ro-,. . : . L
bust and well-correlated with larger scale variability, but too flights. The PBL heights defined by the vertical gradient in

- : CO; show relatively good agreement during the afternoon
limited to be extrapolated to a regiowgng et al.2009. We with differences of about 10 to 15 %, in the range of the ob-

served variability of the entrainment zone depth between the
Ihttp://public.ornl.gov/ameriflux/ convective boundary layer and the free troposph@mifon

Atmos. Chem. Phys., 12, 337354, 2012 www.atmos-chem-phys.net/12/337/2012/


http://public.ornl.gov/ameriflux/

T. Lauvaux et al.: Corn Belt inversion 345

© 365-369 0 381-385
© 369-373 © 385-389
©373-377 © 389-393
® 377-381 ® 393-397

4000 23jun 4000

5 AR LA -

Kk Ve

: o u

4000
3000
2000

1000

Fig. 4. Same figure for 23, 24 and 25 June flights.

et al, 2010, whereas transition periods are not well cap- The initial mismatch between the Eulerian model (WRF-
tured by the model. In the early morning (19 June, 7a.m.chem) and the Lagrangian model (LPDM) is affected by
to 10a.m.), the PBL is well-developed in the model whereadarge differences in the concentration time series during a
no vertical gradient between the PBL and the free tropo-few days per month (one isolated day or few hours). These
sphere is observed during the flight. In the late afternoon (14arges biases are correlated with more stable conditions in the
and 19 June, from 7 p.m. to 9 p.m.), the vertical distributionslower atmosphere and indicates clear disagreements between
of CO, are simulated well by the model. We defined the the Lagrangian model and the Eulerian simulations. We ap-
standard deviations (diagonal terms of tRematrix) based plied a filter to remove these periods in our inverse system
on this comparison by assigning large errors during the lateéby increasing observation errors to 100 ppm for these obser-
morning (10a.m.—12 p.m.) of 30 to 50 % of the total model- vations. The assigned weights are equivalent to neglect these
data mismatch, then smaller errors of 10 to 15 % of the sig-observations. The threshold that we chose as indicative of
nal as transport errors (2 to 3ppm in summer on averagejnconsistent dynamics, is2of the residual distribution (de-
during the well-mixed conditions, and finally very large er- fined as the square root of the mean square of the half-hourly
rors for nighttime concentrations (after 8pm) that almost re-model-model difference), whereis computed on a weekly
move entirely the observational constraint during these hourdasis for each tower. This threshold ranges from 2 to 7 ppm

(onight=100 ppm). depending on the season and the tower. We re-compute the
. daytime biases after removing the large mismatch periods. In
3.2 Backward/Forward transport comparison summer, when the COsurface flux is large (implying large

atmospheric signals), the standard deviation of the residuals

We evaluate the internal consistency of our forward and in-5.e now lower thag-2.2 ppm, and show an averaged summer
verse modeling systems which represents the adjoint angli;¢ of 0.12 ppm. '

the aggregation errors. We also eliminate time periods _ _

when there are significant discrepancies between forward e then added an uncertainty corresponding to the stan-
and backward simulated mixing ratios. We do this by com-dard deviation for each week of 1 to 2ppm to the initial
puting the CQ mixing ratios predicted at the tower sites us- WRF errors (diagonal terms iR) for the misrepresentation
ing the same prior fluxes with both WRF-chem and LPDM, of the Eulerian dynamics by the Lagrangian model based

and compare these hourly estimates over the entire 7-montRn these results. During winter, weekly and seasonal bi-
period of study. ases are much lower, respectively less than 1.9 ppm at the

hourly time scale and equal to 0.1 ppm on average. But

www.atmos-chem-phys.net/12/337/2012/ Atmos. Chem. Phys., 12, 3374-2012



346 T. Lauvaux et al.: Corn Belt inversion

20F E over summer (week 1 to 12) and 0.55 ppm over the 7 months.
g Free troposphere E We investigate the impact of the 7-month bias on the final
¢ OF es s . Commmeoes = inverse flux balance over the region in Sect In Fig.6 (b),
% ﬁ‘sﬁ RN : no bias toward higher(_)r lower mix_ing ratios is observ_ed. We
g ofelw “.w'&'a‘@*ﬁ‘go RIS ﬁ’s’ﬂ‘§¢§.§05‘502050:02.§€ conclude here that, without the aircraft data correction, the
y ! voe f ’: . W; weekly boundary conditions may contain large errors during
S ron = critical periods, but on average over the 7 months, the bias
- E remains modest (0.55 ppm).
-20C

June July Aug Sep Oct Nov Dec

Months (2007) 3.4 CO, flux time series

Fig. 5. CO, concentration differences between the observed CO The temporal variability observed at the local level using
concentrations by the aircraft and simulated by, gglat the four eddy-flux tower measurements is used to evaluate the pos-
aircraft sites (indicated by the cardinal directions) in the Planetaryterior fluxes over two different ecosystem types. While this
Boundary Layer (inred)_,thefree troposphere (in blue), and C°|Um“'comparison is limited by representation errors, we believe
averaged PBL (black diamonds). that it is valid to compare the temporal patterns in both flux
estimates. We compared our results by selecting the posterior
fluxes in pixels where one ecosystem type covers more than
the surface flux contribution to the atmospheric variability is 40 o4 of the landscape. In Figa, we present daily-daytime
lower, which explains the apparent smaller mismatch. Wegyerages of the prior fluxes from Sibcrop compared to the ob-
defined the additional uncertainties using the same methodseryed fluxes (averages of the two sites) from two eddy-flux
ology as for summer, from 0.2 to 0.9 ppm for the variancesiower measurements, with their standard deviations, repre-
of the observation errors. The forward/backward revealed,senting the grassland ecosystems in the region (Brookings
occasional large disagreements due to the Lagrangian modeing Fermi). The two sites are significantly different in 2007
Seasonal biases that will influence our final balance are Smauesulting in a large representation error (in green in F&).
after removal of these periods (0.12 ppm over summer, anghe maximum of uptake in June indicates that the growing
0.1 ppm over winter), limiting the impact on the inverseCO  season peak for grassland ecosystems is outside our study pe-

flux balance. riod. The seasonality of this ecosystem is accentuated by the
_ N atmospheric observations (larger uptake in July compared to
3.3 Pre processing for boundary conditions the prior flux) but the uptake in June remains too low, under-

estimated after inversion. The large boundary condition dif-

The potential boundary inflow corresponds to the mole frac-ferences observed in Fi§, despite the corrections applied,
tion from the CT,g inverse system using the TM5 trans- might still affect the inverse fluxes during this period. Af-
port model at 1 resolution. We directly compared the mole ter June, the inverse flux variablity is well correlated with
fractions to observed mixing ratios from aircraft profiles at the observed eddy-flux variability with a peak of uptake in
four different sites, each site being attributed to the closesinid-July and a decrease of the uptake in mid-August due to
boundary (or two for AAO and HIL sites) of the domain (cf. a drought in the North West of the domain.
Sect.2.5.9. In Fig. 5, we present the model-data mismatch  Concerning the corn dominated area (cf. Fy.the sea-
in the PBL (blue letters), in the free troposphere (red letters) sonal variability is well-correlated with the observations but
and the difference of the averaged model-data mismatch oveyaries depending on the location. The correlations over
the PBL (black diamonds), computed at the exact flight timesthe 7 months with the 4 different sites are respectively
and locations. If several profiles were available over a weekp.832, 0.948, 0.964, and 0.950 with the prior compared
we show here the averaged differences. In the figure, the letto 0.91, 0.955, 0.965, and 0.953 with the posterior fluxes.
ters correspond to the boundaries of the domain (East, Westhe correlation with the mean (average of the time series
North, South) for each week. The very large residuals in Jundrom the four sites) is about 0.94 with the prior fluxes, and
(more than 20 ppm) are observable within the two lower lev-0.96 with the posterior. The mismatch (square root of the
els of the PBL, where the TM5 model is usually underesti- squared differences) is decreasing from 1.949 p mdlsnt
mating the vertical mixing (vertical profiles show clear un- to 1.915 umolm?s-1 on average. We see here that the ini-
expected gradients during convective days). We used the diftial fluxes were highly correlated with the observations, with
ferences of the averaged mixing ratios over the higher levelgonsistent but relatively small corrections after inversions on
of the PBL (black diamonds) to avoid these large differencesa weekly basis. In northern lllinois (East of the domain), the
in the lower levels of CJog. inverse fluxes show a late start to the growing season (end of

In Fig. 6 (a), we present the histogram of the residualsJune). The posterior fluxes show distinct temporal patterns
between the aircraft data and the fgd mixing ratios. The for the West and the East of the domain. The observations
averaged model-data mismatch (or bias) is about 1.17 ppnndicate a large standard deviation across eddy-flux sites (as
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Fig. 6. Histogram of the model-data mismatch at the boundaries with the mean and standard deviation used to correct for the mean bias anc
to define uncertainties related to the boundaries in the inversion (on the left) and the linear regression between observed airgigft and CT
modeled C@ mixing ratios (on the right).
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Fig. 7. Net Ecosystem Exchange comparison between SibcropFig. 8. Net Ecosystem Exchange comparison between Sibcrop
grass-dominated pixels and eddy flux towers over grassland (Fermtorn-dominated pixels for the western (affected by droughts in July
prairie and Brookings) for the 7 months in umofusrt (in green):  and August, in purple)) and the eastern part of the domain (in light
(a) SiBcrop prior (in blue) and (b) inverse fluxes (in red). The blue), and eddy flux towers over corn fields (in green), irrigated
improvement after inversion remains limited in June but posterioror rainfed (Bondville, Rosemount G19 and G21, and Mead) in
fluxes (in red) are in better agreement with the observed fluxes orumol.n?.s~1: (a) SiBcrop prior (in blue) and (b) inverse fluxes (in
average over the period. red). Posterior fluxes are lower on average due to mixed vegetation
types over the pixels.

seen for grass), two of them being irrigated (less affected by

the sporadic dry periods) increasing the overall flux uptakemodel, the presence of soybean with a lower uptake compen-
over summer in the Western Corn Belt. The absolute val-sates for the large corn uptake. For grassland, the vegetation
ues of the posterior fluxes remain smaller than the observeéraction in the grass-dominated pixels is usually larger (up to
fluxes, as corn occupies only about 40 to 60 % of the pixel80 %) explaining the better agreement between the modeled
surface, mixed with soybean and other crop types. In thefluxes and the observed eddy-flux data. Despite the smaller
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A woss toner A Fings toner A NOAA tower A Ring2 tower

A NOAA tower A Ring2 tower

Fig. 9. Map of the CQ fluxes accumulated from June to December in TgC.defgfreeer the MCI using CarbonTracker2009 inverse fluxes
as prior: (a) prior and (b) posterior fluxes; and direct flux estimates from SiBcrop as prior fluxes: (c) prior fluxes and (d) posterior fluxes.

surface flux corrections in wintertime (i.e. limited improve- tect the main spatial characteristics of the fluxes. But several
ment, discussed in Sed.3), the posterior fluxes show a bet- areas remain correlated to the initial prior flux distribution,
ter correlation with the observed fluxes over the 7 months (cf.such as in Kansas and Nebraska, west of Mead (cf.9big.
Fig. 7b), and no clear bias was introduced by the system. WeDther areas show clear posterior flux structures that are not
discuss in Sec#.3the capacity of the system to correct for presentin any prior. In northern lllinois for example (around
wintertime flux biases. Kewanee), the strong sink indicated by the posterior is well
defined in both cases. This correction is consistent with high
3.5 Convergence of the prior fluxes and impact onthe ~ €orn productivity with +10 % for the year 2007 compared to
posterior distribution the past years as indicated by the annual USDA-NASS report
1. Northern lowa, usually very productive in terms of corn
Net Primary Production, was affected by severe droughts
during August 2007, whereas southern regions recorded av-
eraged precipitations.

We present in this section the spatial distribution of the
prior and posterior fluxes, using sibcrop (Fég) and CT,09

(Fig. 9a) as two distinct priors. First, both posteriors show
similar features in space, as a maximum of uptake in north-
ern lllinois, and a stronger sink in Wisconsin, suggesting that
the observational constraint is sufficient in both cases to de- lwww.nass.usda.gov/il
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In general, areas between tower sites show similar poslength ¢ = 300km), without considering ecosystem types
terior flux distributions and magnitudes, resulting from the (op = f(dist)).
large constraint brought by the superimposed observation in- The posterior uncertainties from our system are, over
fluence functions. The corn belt area, clearly defined in spaceéhe 7-month period, about 30 TgC (depending on the se-
in both priors, becomes wider with smaller spatial gradients.lected case). Considering the different setups we defined,

. o the uncertainty in the regional balance due to assump-

3.6 CO; flux balance: final balance and uncertainties tions in the inverse system is about 15 TgC, with a mean
) . . ) . ) slightly weaker than the reference setup (mean balance of
In this section, we investigate the sensitivity of the integral —183TgCGt16 TgC). This quantity is a range of solutions
of the inverse fluxes across the region, and its sensitivity 19, is not following a Gaussian distribution. We excluded
the assumptions. These uncertainties come from the differpe e the |ow nighttime transport error case, this one being
ent choices one could make, all being realistic, with d'ﬁere”tfundamentally incorrect. For example, the choice of tempo-
degrees of complexity. Other tests are performed in S€CL. 5| cqrrelations in the observation errors or the structure of
for additional errors or biases that may affect the inverse estiyne prior errors are motivated by previous studies and one
mate but are not part of the present system, as e.g. the impagl,., arque about their relevance. We consider here that any
of remaining biases in boundary conditions that.may not ha,"?assumption made in the system, if not well established, has
been removed. These second tests help quantify the sensitiys pe tested and considered as an additional source of uncer-

ity of the system to the different components for future in- iy 10 Sect4.1, we present the different sources of uncer-
verse systems, in other areas or using different prior fluxes,inties and combine these to our posterior uncertainties.
Using two different prior fluxes (Cjbg and SiBcrop), we ob-

tain similar posterior fluxes (cf. Tabl&) though the prior
fluxes were significantly different. We defined next several, piscussions
cases in which we dramatically increased or decreased uncer-
tainties (prior flux errors, nighttime and daytime observation 4 1 Boundary conditions and remaining uncertainties
errors), inserted transport error correlations in time, modify-
ing prior flux error correlations in space, and increased thepe applied a pre-treatment of the boundary concentrations
time window over which the boundary conditions were op- py correcting model-data mismatch at the boundaries before
timized from one hour to four days. We increased our ini- inversion instead of adding aircraft data to the inverse sys-
tial prior variances by 20 % for the first case. For transportiem to correct for the C@inflow. The comparison between
errors, we decreased the daytime standard deviatign'®  the observed and the simulated Gg concentrations could
2ppm, about a factor two lower than our initial summertime |ead to an incorrect quantification of the boundary inflow er-
standard deviations. We also considered the use of nighttimeoys for two main reasons: first, the aircraft profiles, punctual
observations by decreasing the uncertainties to 10 ppm. Thgpservations over the column, are not representative of the
different cases are summarized in Table entire boundary of 1000 km long and the entire week; and
Increasing prior flux variance (largeg) has little impacts  second, the PBL mixing ratios affected by vertical mixing
on the posterior flux, similar to decreasing the observation ersrrors in CT00 transport model (currently the TM5 model
ror variances during the day (Ioweﬁay). This result, when  Krol et al., 2005 could be differentin WRF-ChemCQvhen
compared to the large impact of temporal correlations in theremixed by our PBL scheme. We computed boundary mix-
observation errorsi(x,. x,,,) #0), reinforces the importance  ing ratios at the tower locations. Along their path within the
of the covariances in our system (the structure of the ersimulation domain from the boundary to the tower location,
rors), here having more impact on the regional fluxes thanCT,q9 mole fractions are redistributed on the vertical. The
the daytime variances. Higher confidence in nighttime datadifferences between Ggg and aircraft data at the boundaries
on9"—10 ppm) shows the largest decrease of NEE on themight not be valid at the tower locations, because the vertical
final flux balance. This impact is consistent with the con- mixing in WRF-ChemC®@ modified the original vertical dis-
sistently lower nighttime mixing ratios simulated by WRF- tribution of the CT,o9 mole fractions. Because TM5 model
Chem. Fitting the nighttime observations is translated intois affected by low vertical mixing in the lower atmospheric
an increase of the positive nighttime flux, decreasing the netevels (levels one and two mainly), we only used differences
sink over the region. Considering the impact of observationintegrated over the PBL.
error correlations in time when using Gob as prior fluxes In the inversion, we defined the inflow as time series, in-
(px,, X+, 70), the impact is lower (only 33 TgC change stead of influence functions and gridded boundaries, to limit
compared to 41 Tg C change when using SiBcrop). We alsdhe increase of the dimension of the state vector. The CO
examined the impact of using different time windows for the vertical distribution at the boundaries is also very sensitive
boundary conditionsTg. = 90 h) and noticed a change of to PBL dynamics and may contain large uncertainties at the
16 Tg C on the 7-month regional balance. Finally, we simpli- pixel level if we grid the boundaries of our domain. Previ-
fied the prior error correlation by using a simple correlation ous studies have also shown that the error reduction using
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Table 1. Regional CQ flux balance from June to December 2007 in TgC over the MCI using Sibcrop and CarbonTracker2009 as prior fluxes
in the reference setup (prior and posterior), then assuming larger uncertainties in the prior (s gargeore confidence in nighttime data

i.e. 10 ppm instead of 100 ppm (:Ioweﬁigh’), more confidence in daytime data i.e. 2 ppm instead of 3 ppm for the lower limit (=lower

ag“y),temporal correlations in hourly observation errors between the haith the followingn hours (=px, x,,,) #0 or p(t) #0), a
longer time period to correct for boundary influencelfz =90h), and prior error correlations based on distance qrgy=£ f (L)).

prior post largevg low ogight low Ggay p()#A0  Tp.=90h pp=f(L)
SiBcrop —109 -194  -190 —149 -195 -153 -178 -179
CT,o9 —198 -215 / / / -182 / /

aircraft data is limited by the shorter time window of avail- rected on a weekly time scale. If the time resolution of the
able observationd_@uvaux et al.2008. We decided here to  boundaries in the state vector is closer to one week, some
use the aircraft observations in a pre-processing of the boundsignals originally attributed to the surface are transferred to
aries and not directly as observations in the inverse systenthe boundaries. But this assumption can be justified by the
The aircraft profiles available once a week on average ovefact that inflow errors occur at the time scale of synoptic
few hours contain little information to optimize the weekly changes rather than the scale of the local dynamics. We in-
fluxes biases and the boundaries. Using our approach in theestigated the two assumptions (one assuming rapid changes
future, more sophisticated methods could be applied as datat the boundaries and the second slow changes driven by syn-
nudging including additional dataset from commercial flight optic conditions) by changing the time period of the bound-
CO, profiles or satellite products where available. aries in the state vector as explained in S2&.3 Tablel

Here, we investigate the impact of potential biases in theshows that a change of the order of 16 TgC was removed
boundary concentrations by adding a constant change dirom the surface fluxes and transposed to the inflow. In or-
+1 ppm. On the 7 month regional balance, this bias leadsler to compare the boundary condition corrections in both
to a change of +45Tg C. As explained in S&8, the ver-  cases, we estimated the boundary condition impact on the
tical mixing errors in TM5 (CTog) have a limited impact at  optimized atmospheric concentrations. The first case, us-
the observation locations thanks to the remix of the lowering hourly concentrations at each tower, shows large hour-to-
part of the column along its path in the WRF simulation do- hour variations. We then averaged over the longer period of
main. This element is of major importance to avoid large dif- time (90 h) and noticed that the contribution from the bound-
ferences as observed in the lower troposphere in thedCT aries can change by several ppm when using hourly con-
residuals (cf. Fig5 in red). The potential bias due to in- centrations at the boundaries or averages over several days.
correct boundary conditions can be estimated at half a ppnWeekly surface fluxes changed depending on the inflow av-
(defined as & of the error distribution) based on the initial eraging period. But the final surface flux balance remains
model-data mismatch using the NOAA aircraft vertical pro- similar in both cases, with only 0.3 to 0.8 ppm (standard de-
files. This bias is translated in terms of potential errors on theviations of the corrections) reattributed to the boundary cor-
final balance into at24 Tg C. Because we are not consider- rections, and similar mean corrections (about 0.4 ppm in both
ing the improvement of the boundary conditions thanks tocases). Over the 7 months, less than 0.5 ppm of the 90h-
the use of aircraft data, this error represents an upper limit oraveraged hourly boundary correction is due to the transfer
the 7-month balance. This value seems reasonable compared information from the surface to the boundary concentra-
to the large sink of our region. But, because of the uniquetions, implying an additional standard deviation of about 7 to
strength of the atmospheric sink due to the high corn produc40 Tg C in the final regional carbon balance. At this point, the
tivity entirely harvested (responsible for the apparently largetime window for boundary conditions will remain an under-
atmospheric sink), our region is not common and many otherconstrained parameter in our system, considering the related
areas may suffer from this large potential bias compared taincertainty as additional errors in the final balance. Further
their relatively low annual flux (e.gsockede et a).20103. study will focus on the autocorrelation of the residuals to de-
Further measurements will be needed to better constrain théne the time scale of the inflow errors.
error in the boundary conditions.

4.3 What is the real potential of convergence of the
4.2 Temporal window for the boundaries — system?
what is the impact?
The impact of the prior flux spatial distribution affects several

The time length for the boundary conditions in our system,areas despite the large amount of atmospheric observations
from hourly to a few days, has additional impacts on the cor-used to constrain the surface fluxes. For the 7-month bal-
rection of biases in the inflow. The surface fluxes are cor-ance, both priors end up at relatively similar values around
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—205Tg Ct10 Tg C. Two additional cases were designed tofect the daytime observation signals. This result explains
evaluate the potential of convergence of the system. The firsélso the strong impact of temporal error correlations rein-
case assumes an additional flux bias in summer and in wintefprcing the impact of transition period observations (morning
by multiplying the SiBcrop prior fluxes by 1.5, i.e. increasing and evening). The performances of actual mesoscale models
the seasonal signals considerably. This biased prior presentiuring nighttime (or more generally during stable conditions)
a larger 7-month sink£164 Tg C instead o109 Tg C) be-  have to be improved in the future to reduce actual uncertain-
cause of the large increase of the summer uptake compareiks, despite the absence of nighttime data use in the inverse
to the relatively lower increase of the wintertime net positive system.
flux. The results show that the summer bias is almost en- Finally, the posterior uncertainties of the inverse fluxes at
tirely removed (95 % retrieved), but the winter time bias af- about 30 Tg C and the different sensitivity tests (16 Tg C),
ter inversion is partially retrieved, with a difference with the including potential biases from the boundaries of about
reference inversion of 0.95Tg C per week on average, cor24 Tg C, gives a combined uncertainty of 34 Tg C, exclud-
responding to a posterior 7-month balance-d85TgC. It  ing the additional 24 Tg C of potential additional biases for
clearly indicates that the inverse system is limited in winter a regional sink of about 183 Tg C. The present calculation is
because of the larger boundary condition contribution com-not a posterior uncertainty following a Gaussian distribution
pared to the surface flux signal. We computed the ratio ofbut an interval of confidence with an undefined distribution.
the boundary contribution to the surface flux contribution Remaining errors are hard to quantify precisely (e.g. prior
on hourly concentrations. In July, about 10 to 20 % is dueflux error correlations, complete transport model errors), and
to boundary contribution versus 30 to 40 % during winter. additional biases are likely to arise in future model intercom-
However, by including an additional 4.1 TgC per week in parisons. Further investigations will include transport eval-
winter, the inversion corrected for 77 % of this bias. uation and comparisons to independent estimates from in-
The second case uses a SiBcrop simulation affected byentory data at the regional level. High quality agricultural
unrealistic water stress in summer. The 7-month balancénventories made in the ared/ést et al.2011) will allow the
of this prior is close to zero{1.9 Tg C). Starting with this comparison to independent annual estimates of the regional
erroneous prior flux, the posterior flux balance ends up atarbon balance.
—147TgC. The inverse system, even if not able to retrieve
or converge to previous inverse estimates in this case, showed
a large correction of the initial balance retrieving 80 % ofthe 5 Conclusions
reference posterior flux balance. It suggests that the obser-
vational constraint is large enough to reach a reasonable e$de presented here an inverse flux estimate at high resolution
timate despite the distant initial carbon balance. As showrover the corn belt area for 2007 using eight &@ncentra-
in Sect.3.6, the spatial structure may be affected by the ini- tion towers and two different prior fluxes. The sensitivity to
tial flux distribution. But the regional balance itself is highly the different assumptions was used to evaluate a more com-
constrained by the observations. Further investigations willplete final uncertainty for our inverse flux balance. Bound-
consider the impact of observations on the inverse fluxes foary conditions were corrected with aircraft data profiles, po-
concentration tower network design. tentially leading to an error (or a potential bias) of about
The transport model errors were evaluated using aircraf24 Tg C over the 7 months. But more critical is the impact
data vertical profiles. Additional errors from the Lagrangian of nighttime transport model errors and temporal error cor-
model were also quantified by a forward-backward compar-elations in the simulated concentrations. Total uncertainties
ison and reasonable biases were included in our final fluxare about 34 Tg C including 16 Tg C from the assumptions
uncertainty assessment. Part of the errors were not considnade in the system, 30 Tg C from the prior and the trans-
ered due to the lack of data to evaluate the atmosphere dyport model, and 24 Tg C of potential bias from the bound-
namics, as the advection of air or the convection schemeary conditions. The impact of boundary conditions is inde-
We tested the potential impact of the daytime observation erpendent of the regional balance but only of the domain size,
rors (variances) in the system by decreasing uncertainties tbmiting the actual method to regions presenting large annual
2 ppm, and little impact affected our results (less than 1 Tg Cflux balances (more than 20 Tg C yearfor a 16 km? do-
change). Only uncertainties decreased in this case, with amain). The degree of convergence indicates a robust signal
underestimation of the posterior variances. Nighttime priorfor a sink of about 180 Tg C for the June to December period.
errors appeared more critical in our system. This result isSpatial patterns inherited from the prior fluxes were still de-
consistent with past studies (elcauvaux et al.2008 that  tectable in the posterior fluxes especially on the sides of the
showed the importance of the nighttime flux signals in thedomain, despite the large observational constraint. The atmo-
daytime observations to constrain the overall flux balance spheric signal remains large enough to constrain the regional
affected by incorrect nighttime transport. Even though weflux balance but spatial distribution required that influence
almost removed the nighttime observations in our systenfunctions from different towers were super-imposed. Clear
(or =100 ppm), transport model errors during nighttime af- spatial patterns in the posterior fluxes were identified (as the
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strong uptake in northern lllinois for the present year) despite mospheric CQ measurements to quantify regional fluxes Part

the use of different priors.

2: Sensitivity of flux accuracy to inverse setup, Atmos. Chem.
Phys., 10, 3119-31280i:10.5194/acp-10-3119-20,12010.
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