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Abstract. We evaluate three estimates of the atmospherefluxes via eddy-covariance (e.gzlLUXNET, 2013 and by
biosphere exchange against total columny@Dservations  carbon stock analysis (e.gsaudinski et a].200Q Goodale
from the Total Carbon Column Observing Network (TC- et al, 2002. On larger spatial scales, inverse methods have
CON). Using the GEOS-Chem transport model, we pro-been attempted using measurements of the spatial and tempo-
duce forward simulations of atmospheric &€ncentrations  ral variations in atmospheric G@oncentrations (e.gBaker
for the 2006-2010 time period using the Carnegie-Ames-et al, 2006 Peters et al2007 Michalak et al, 2004).
Stanford Approach (CASA), the Simple Biosphere (SiB) and Traditionally, atmospheric inverse modeling has used ob-
the GBiome-BGC models. Large differences in thexGin- servations from a global network of in situ boundary layer
ulations result from the choice of the atmosphere-biosphereneasurement stations. However, the substantial impact of
model. We evaluate the seasonal cycle phase, amplitude argynoptic scale weather systems (e.g., 3—10 days) in driving
shape of the simulations. The version of CASA currently local variability in atmospheric C9has been illustrated in
used as the a priori model by the GEOS-Chem carbon cyrecent studies (e.g<eppel-Aleks et al.2011;, Parazoo et a|.
cle community poorly represents the season cycle in totaR008. Meridional advection produces significant local vari-
column CQ. Consistent with earlier studies, enhancing the ability in atmospheric C@during summertime in the North-
CO; uptake in the boreal forest and shifting the onset of theern Hemisphere, when there are strong north—south gradients
growing season earlier significantly improve the simulatedin CO,. Hence, large-scale errors in the a priori flux distribu-
seasonal C®cycle using CASA estimates. The SiB model tion can alias into errors at local scales, generally yielding
gives a better representation of the seasonal cycle dynamictocal/regional flux variability that is too large.
The difference in the seasonality of net ecosystem exchange Total column measurements are expected to provide im-
(NEE) between these models is not the absolute gross priproved large-scale constraints on carbon cycle processes
mary productivity (GPP), but rather the differential phasing (Rayner and O’Brien2001, Yang et al, 2007) because vari-
of ecosystem respiration (RE) with respect to GPP betweerations in total column are dominated by hemispheric-scale
these models. flux rather than local and regional fluxéésppel-Aleks et al.
2012. Hence, total column measurements act as an exten-
sion of the in situ continental boundary layer network, which
provides excellent constraints at local and regional scales.
1 Introduction Keppel-Aleks et al(2012 estimated the north-south GO
gradient using total column measurements from the TCCON
An accurate estimation of carbon fluxes is a central goal ofby correlating the C®abundances to the mid-tropospheric

the carbon cycle community. Such estimates have been degyotential temperature, which serves as a dynamical tracer
rived on small spatial scales using direct measures of the
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Table 1. Fluxes used in the GEOS-Chem gGimulation. The inventories, a short description and references are listed as in
Nassar et al(2010.

Flux Inventory  Description References

Fossil fuel emissions CDIAC (Carbon Dioxide Information Analysis CerAndres et al. (1996;
ter), Year-specific monthly averaged fossil fueBoden et al. (2009;
emissions, 2008-2010 scaled with CDIACLe Quere et al(2009

2007 data
Fire emissions GFED  (Global Fire Emissions Database), 8-day data
(v.2) (2001-2007)
Biofuel emissions Yevich and Logar{2003
Balanced ecosystem  CASA 3-hourly Net Ecosystem Production (NEP)Potter et al. (1993;
exchange (balanced — no net annual flux) Olsen and Randerson

(2004

Net ecosystem uptake TransCom5.29 PgCyr! (adjusted for biomass/biofuel Baker et al(2006)
climatol-  burning)

ogy

Ocean exchange Monthly ocean flux climatology of non-El Nindakahashi et a[2009
years

Ship emissions ICOADS (International Comprehensive Ocean AtmGerbett and Koehler
sphere Data Set), International ship £€mis- (2003 2004; Wang et al.
sions with monthly variability scaled to annual(2007); Endresen et al.
values for 1985-2006 (2007

Plane emissions SAGE (System for assessing Aviations Global Enfausen and Schumann

sions), Aviation emission 3-D distribution from (2000; Kim et al. (2005
fuel burning, scaled to annual GQvalues for 2007); Wilkerson et al.
1985-2002 and estimates for 2002—2009. (2010

for synoptic-scale dynamics. Consistent with the findings of(Sect.7). The GEOS-Chem model and TCCON observations
Randerson et a{1997), the authors showed that the seasonalare described in Sect&.and 6, respectively. Additionally,
CO, cycle seen at four Northern Hemisphere TCCON siteswe investigate a simulation with CASA, but with uptake en-
is dominated by the NEE in the boreal forest and the tempo-hanced in the boreal forest and with the onset of the grow-
ral phase of the uptake. The g@elds were simulated with ing season shifted according Keppel-Aleks et al(2012

a general circulation model (GCM) and the NEE was esti-(Sect.7). Dynamic NEE in SiB is evaluated in Se@t3.

mated by the CASA model. Increasing the NEE by 40 % be-

tween 45—-65N and initiating the growing season one month ) )

earlier in the model significantly improved the €easonal 2 GEOS-Chem CG simulation

le. . .
CyCnge we evaluate three a priori NEE flux distributions GEOS-Chem s a global 3-D chemical transport mode for at-
. X . ) mospheric composition driven by meteorological input data
with total column measurements using the GEOS Chemfrom the Goddard Earth Observing System (GEOS) of the

global three-dimensional (3-D) chemical transport model : L2 . .
: ) L C NASA Global Modeling and Assimilation Office to simulate
(CTM) driven by year-specific meteorological input data. global atmospheric composition, including E(Bey et al,

The NEE is defined in this work as follows: a net £tux . : o
from the ecosystem to the atmosphere is positive and re_200]). Estimates of C@fluxes due to fossil fuel emissions,

ferred to as net C@release. A net Cflux from the atmo- ocean-atmosphere exchange and biosphere—atmosphere ex-

sphere to the ecosystem is negative and referred to as Qetccghange are provided by inventories and atmospheric in-

uptake. We analyze the following atmosphere-biosphere ey Verse models. In the standard version of the GEOS-Chem

change inventories: the Carnegie-Ames-Stanford Approacrt?(l)2 S m:ul\llaEué)r;, dest(r:]rlbgigz\lassz;r IEt al(201(§),t C"mtf?" ¢
(CASA, Olsen and RanderspR004 described in Sect3), ologica rom the model are used o estimate

the Simple Biosphere model (SiBBaker et al, 2003 the balanced atmosphere-biosphere excha@eefl and

described in Sect4) and the GBiome-BGC model ~anderson2004.

(Trusilova and Churking2008 described in Sect5). The In this study, we use GEOS-Chem version v9-01-01 with

CO; total column abundances from these model runs.the GEOS-5 fields, and a spatial resolution 0622.5° (at-

are compared with measured columns from the TCCON'FUdeX.long'tUde). with 47. ver_tlcal I_ayers. The QQ'mUIa.'
tion relies on the inventories listed in Tadlend the trend in
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CO, is determined by the sum of these sources and sinks. Thand scaled to the°2< 2.5 GEOS-Chem grid. The SiB NEE

CO, simulations were started with restart files provided by estimations are nearly balanced (net yearly uptake of about

the GEOS-Chem team (starting on the 1st of January 2005),-0.07 Pgyr?1). In this study, we use both climatological

allowing one year spin-up for the time period 2006-2010. (year 2009) and dynamical fluxes driven by both surface
In GEOS-Chem, the NEE consists of two compo- temperature changes and changes in phenology. Further de-

nents: the first component is the total net yearly uptaketails on the SiB NEE simulations are givenRarazoo et al.

based on the TransCom climatology and approximated by2008.

—5.29PgCyr! (Baker et al. 2006 (Table1: “Net ecosys-

tem uptake”). The second component is the NEE without

the net yearly C@ uptake: the balanced NEE, which drives 5

the seasonal Cfcycle (Tablel: “Balanced ecosystem ex- GBiome-BGC (version 1) is based on the BIOME-BGC nu-

change”). This balanced NEE is the focus of this study and_ " . . .

in the following sections referred to as NEE. The three NEEnjen?aI.ecosyste.rln model (v. k?lkl) butis designed for global

models examined in this study are described in the foIIowingfSImu ations Trusilova and.C ur ma20(?&. BIO.METBGC

sections. is a numerical model designed for point studies in foregts.
It simulates water storage and fluxes, and carbon and nitro-
gen storage. It is parameterized for seven different types of

3 CASA ecosystems. The Numerical Terradynamic Simulation Group
(NTSG) at the University of Montana, USA, stores and up-

The CASA model is the standard biosphere model input todates code versions of BIOME-BGC for public release;

the GEOS-Chem Cg&simulations. Even though, CASA was //www.ntsg.umt.edy/

designed to have interannually varying fluxes, it is imple- Daily averaged meteorological fields from the NCEP are

mented as climatological NEE within GEOS-Chem. Clima- used to derive year-specific NEE data with ax<11° spa-

tological (year 2000) three hourly NEE fields are computedtial resolution. To modulate a diurnal G@ycle, 3-hourly

from the difference between GPP and RE. Monthly GPP datdbalanced NEE data are derived by distributing the daily

with a 1° x 1° spatial resolution are defined as two times the GPP output per grid cell according to the solar zenith angle,

net primary production (NPP) derived with the CASA model whereas the respiration is linearly interpolat&bdenbeck

and scaled to 5%x 5.5 grid boxes. The monthly GPP val- 2005. Here, we use climatological fluxes (year 2009), scaled

ues are distributed with shortwave radiation flux data fromto the 2 x 2.5° GEOS-Chem grid. The GBiome-BGC NEE

the National Center for Environmental Prediction (NCEP, estimations are not balanced, and have a net yearly uptake

Kalnay et al, 1996 data assimilation model for the year of —0.705Pgyr!. Therefore, the GEOS-Chem G&imula-

2000 to three hourly values. Monthly respiration data aretions using the GBiome-BGC NEE estimations are detrended

calculated with NCEP temperature data for the year 2000 ato compensate for the net yearly uptake.

5.5° x 5.5° grid boxes and also interpolated to 3 h intervals

(Olsen and Randersp?004 Potter et al.1993. The GEOS-

Chem CQ simulation uses the CASA NEE interpolated to 6 TCCON

the 2 x 2.5° GEOS-Chem grid. Hence, the standard NEE is

based on data derived for the year 2000, and GEOS-Chem

priori biosphere fluxes do not have interannual variability.

GBiome-BGC

The TCCON is a worldwide network of ground-based
Pourier transform spectrometers (FTSs) that was founded in
2004 Washenfelder et gl2006§. TCCON data products are
column-averaged dry-air mole fractions, e.ggoX XcH;,
4 SiB XN,0, Xco (Wunch et al,2011§. TCCON has been largely
used as a calibration and validation resource for satellite mea-
The SiB model parameterizes land surface biophysical prosurements (e.gBuchwitz et al, 2006 Barkley et al, 2007,
cesses and ecosystem metaboliSallers et al.1986 1996 Butz et al, 2011 Morino et al, 2011 Reuter et al.201%,
Denning et al. 1996. We use three hourly reanalysis data Wunch et al. 2011k Schneising et al.2012 and provided
of air temperature, pressure, humidity, wind speed, radiatiorinsights into carbon cycle science (e.yang et al, 2007,
and precipitation from the Modern-Era Retrospective anal-Chevallier et al.2011 Keppel-Aleks et al.2019. The in-
ysis for Research Applications (MERRARienecker et al.  dividual TCCON sites are operated by various institutions
2017 to drive the model for years 2006 through 2010. Fire around the world (e.gWashenfelder et al2006 Deutscher
emissions are accounted for by using GFED2 (Global Fireet al, 201Q Geibel et al.2010 Messerschmidt et al2011;
Emissions Database) data (e Baker et al. 2010. Model =~ Wunch et al. 20115. Here, TCCON X, data (version
parameters are determined using a combination of satellit€GG2009) are used to analyze the influence of the three
data, literature values and standard SiB parametgedl-(  different NEE estimations on the GEOS-Chem LC&mu-
ers et al. 1999. The SiB surface fluxes are calculated at lation. The TCCON X0, data have a precision better than
1° x 1.25 spatial resolution, saved as three hourly average®.25% ¢ 1 ppm) (1o) (Wunch et al. 20113, under clear

www.atmos-chem-phys.net/13/5103/2013/ Atmos. Chem. Phys., 13, 5H135 2013
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Table 2. TCCON sites (latitude, longitude and altitude). The data record time period and references are listed.

Site Lat. Long. Alt. Data record References
[°N] [°E] [ma.s.] [datg
Biatystok, Poland 53.23 23.03 180 since March 200Messerschmidt et {2012
Bremen, Germany 53.10 8.85 5 since March 2005
Lamont, Oklahoma 36.60 —97.49 320 since July 2008
Park Falls, Wisconsin  45.95 —90.27 442  since April 2004 Washenfelder et a(2006

sky conditions, though 0.1 % (&) precision can be achieved ready seen in the latitudinal NEE distributions: the more pro-
(Washenfelder et 312006 Deutscher et al201Q Messer-  nounced summer sink in both SiB and GBiome-BGC leads
schmidt et al. 2010. Here, X0, measurements at Bre- to a larger seasonal cycle amplitude than in CASA. The win-
men (Germany), Biatystok (Poland), Lamont (Oklahoma)ter NEE peak is different in all three models: in January,
and Park Falls (Wisconsin) are used. The Park Falls and Bre€ASA shows a dip, in contrast to the maximum in GBiome-
men sites have the longest data records, covering the wholBGC and the slightly earlier maximum in SiB. The €O
time period from 2006 to 2010. Measurements at Lamontdrawdown starts in April in GBiome-BGC and SiB, and is
started in July 2008 and in Bialystok in March 2009. The datashifted one month later in CASA. The autumn release oc-
density is dependent on whether the TCCON instrument pereurs simultaneously in SiB and CASA, and about a month
forms measurements automatically (Park Falls, Lamont anckarlier in GBiome-BGC. These differences lead to a broader
Bialystok) and on the weather conditions at the site. Longseasonal cycle minimum in SiB compared with CASA and
time periods without measurements indicate major instru-GBiome-BGC.

ment failures. The numbers of days averaged in the analyses

are given in Table S1 in the Supplement. All sites were cal-7.1 Evaluating GEOS-Chem CQ simulations with

ibrated to World Metereological Organization (WMO) stan- TCCON measurements

dards through high altitude aircraft campaigiéufich et al. ) ) ) _ _ )

2010 Messerschmidt et al2011) and are further introduced The d_n‘ferences_m the Cps_|mu_lat|ons using _these _dn‘ferent
in Table2. NEE inputs are illustrated in Fi@ (The CQ simulation us-

To compare the GEOS-Chem g@rofile data with the !ng manipulated CASA NEE (CASA early0) is discussed
TCCON data, we integrate the profiles to yield column- in Sect.7.2). The monthly averages are compared tothe mean
averaged C@dry-air mole fractions. For each TCCON mea- Of the monthly averages of thecs, time series at the four
surement, the daily averaged GEOS-Chem,Gnulation TCCON sites. The amplltude and pha_se of the 5|_mulated sea-
profile for the same day was smoothed with the averagings®nal CQ cycle is dominated by the differences in the NEE
kernel and a priori profile from the TCCON measurement estimations (Figl). The drawdown starts about a month ear-
and integrated to column averageda$.moger FOr the inte- !|er using SiB or GB|ome-BGQ, compared W|th_ the CASA
gration, we use the NCEP pressure, altitude, temperature arf@Put- The largest drawdown is found for the SiB NEE and

H,O profile, interpolated to the location of the TCCON sta- the smallest using the CASA NEE. The period when,CO
tion and to local noonWunch et al, 20113. declines is longest for SiB and shortest for CASA. The com-

parison with the TCCON measurements reveals an underes-
timation of the seasonal amplitude for the simulations using
7 GEOS-Chem CGQ simulations with different NEE GBiome-BGC and CASA and an overestimation by SiB. Us-
estimations ing CASA, the start of the growing season is delayed for all
years. The start of the growing season in SiB and GBiome-
The NEE estimations of the three models, CASA, GBiome-BGC is in relatively good agreement with the TCCON data.
BGC (both climatological) and SiB (year-specific), are Inorderto analyze the general patterns, the monthly means
shown in Fig.1. In the upper panel, the latitudinal NEE dis- of the five years were averaged to give a mean seasonal cycle
tributions, integrated for the months May to August, are de-for each NEE input as well as for the TCCON data (Fg.
picted. The large seasonally varying NEE in boreal forestsThe start of the C@drawdown in spring and the start of the
(between 45 and 65 N) is evident in all three models. The CO; release in autumn are estimated by the zero crossing
largest difference between the models can also be found itimes of the seasonal G@ycle, indicated by dots in Fi@.
this region. Both SiB and GBiome-BGC exhibit a larger sink (The seasonal Cfxycles are shifted to have a mean of zero).
during summer than CASA by up to 40 %. The delay of the onset and the end of the growing season are
In the bottom panel of FidL, the time series of the monthly calculated by the time lag between the zero crossing times
NEE integrated over all grid points betweer? 30and 90 N of the simulated seasonal GQ@ycle and the zero cross-
are compared. The time series reflect the differences aling times of the TCCON time series. For the GEOS-Chem

Atmos. Chem. Phys., 13, 5103115 2013 www.atmos-chem-phys.net/13/5103/2013/
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Table 3. Analysis of the GEOS-Chem CGsimulations using different NEE estimations. Correlation coefficients for GEOS-Chegn CO
simulations with TCCON measurements for the CASA inventory (standard/manipulated), year-specific SiB fluxes and SiB climatology.

CASA SiB GBiome- manipulated  SiB

BGC CASA 2009
NEE

COy, drawdown time delayday§y 10+1 —-6+1 -16+1 -—-1+1 -
CO, release time delajdayq -3+1 941 9+1 2+1 -
cross correlation between
the seasonal cyclddayg —-4+1 0%£1 4+1 0+1 -
scaling factor fitting the
seasonal amplituda.u] 0.85 1.09 0.88 1.20 -
correlation coefficient 0.954 0.971 - 0.963 0.970

Latitude

—2a N%

—40 - GBiome—BGC (not bakinced) {"_

'}
—60 — CASA { |
—80 — —

1 . N N N 1 . L N N 1 N N L
—15 —10 -5 o
NEE [kgCT/m2/(May —August)]
z
o 40F 3
= Js e Js
TE = /1\7*\ r/}«\ /S 7S
BR2 o N N
Z &8 B / /i W/ \/E
>\'U'\\| 20— | [i ] / "‘, /' \ it =
Eoc Et f W /] W\ /f W/
N \\' /f W // %\ Y/
E5D F | \\Y | 3
2= _soFE- W J YA -
g o F ¥ i y E
+ =80L =
£
T Jon/08  Jul/06  Jan/07  Jul/07  Jan/08  Jul/08  Jan/08  Jul/0¢  Jan/10  Jul/10
time [mmm /yy]

Fig. 1. Upper panel: latitudinal NEE distributions integrated for May until August. The sink betweearntb6% N reflects the CQ uptake

in the boreal forest in all three models and the biggest differences between the models are found here as well. CASA has a less distinct sink
than SiB and GBiome-BGC. Bottom panel: the time series of monthly NEE integrated betweeri BOF3®@ SiB NEE estimates include
dynamical fluxes while the CASA and GBiome-BGC fluxes used here are climatological.

CO, simulation using SiB or GBiome-BGC, the Gdraw- This estimation of the C®drawdown and release relies

down starts too early (with a lag 6f6 dayst1 day and only on the zero crossing times. The entire seasonal cycle

—16 dayst 1 day, respectively), whereas the standard CASAshape can be evaluated in a cross correlation of the modeled

NEE inventory leads to a delay in the g@rawdown (by  Xco, and the measured TCCON¥,. The cross correlation

+10 dayst 1 day). In contrast, the GQOrelease is estimated is a measure of the similarity of two waveform patterns as a

to be too early using the CASA inventory (by3 dayst+ 1 function of a time shift applied to one waveform. The cross

day), but is delayed using SiB or GBiome-BGC NEE inputs correlation of the GEOS-Chem G@imulation infers a time

(by +9 dayst 1 day for both models). The time lags in days shift of —4 dayst 1 day for CASA and+4 dayst 1 day for

are given in Tabl& as well. GBiome-BGC. The simulation using SiB is optimized with-
out shifting. The time shifts in days are also listed in Teble

www.atmos-chem-phys.net/13/5103/2013/ Atmos. Chem. Phys., 13, 58135 2013



5108 J. Messerschmidt et al.: Atmosphere—biosphere exchange estimations with TCCON measurements
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Fig. 2. The time series of the monthly averages of column averaggg, XThe black line shows the mean for the TCCON measurements

in Biatystok (Poland), Bremen (Germany), Lamont (Oklahoma) and Park Falls (Wisconsin). The colored lines show the smoothed column
averaged Cofor the three models (CASA, SiB, GBiome-BGC) and the manipulated CASA model (SBcfThe trend in the simulations

is determined by the sum of the sources and sinks listed in Talifer the comparison the daily averaged GEOS-Chem Si@ulation

profile for the same day was smoothed with the averaging kernel and a priori profile from the TCCON measurement and integrated to
column averaged o,. In comparison with the TCCON measurements, the GEOS-Chemstulation with the SiB NEE input most

closely simulates the seasonal cycle and the manipulated CASA model improves significantly the comparison. The variability of the TCCON
time series in the winter of 2007—-2008 is due to the few measurements averaged (Table S1 in the Supplement).

The seasonal amplitude differences are estimated by takthe NEE in July to the NEE in May between 99 and
ing the ratio of the amplitude from the GEOS-Chem £O 6° N, analogous t&eppel-Aleks et al(2012. The resulting
simulations and the amplitude measured by the TCCON in-GEOS-Chem C@simulation was detrended by 1.081 Pdy
struments. The amplitude is calculated by the difference beto account for the increased NEE uptake.
tween the maximum and the minimuntg, in the seasonal Figure2 shows the monthly averages of the GEOS-Chem
cycle curve. Both CASA and GBiome-BGC simulate ampli- CO, simulation using the manipulated CASA NEE estima-
tudes that are too small by 15 and 12 %, respectively and théions (CASA earlyi40). The seasonal amplitude increased
SiB simulation has a seasonal cycle that is too large by 9 %significantly and even overestimates the seasonal cycle am-

(Table3).
The GEOS-Chem C®simulation using the SiB model

plitude measured by the TCCON sites. The onset of the
growing season seems to be in agreement with the TCCON

provides the best match to the measured seasonal cycle. Theeasurements. In order to quantify the changes, the data are

time delay in the C@ drawdown is the shortest, at6+ 1

analyzed in an analogous fashion to the analysis in Sett.

days, and the cross correlation is maximized for the unshiftedFig. 3). The seasonal amplitude is overestimated by a factor

simulated seasonal cycle. The time delay of the @&ease
reveals a seasonal cycle minimum that is slightly too wide,

of 1.20. The onset and the time period of the growing sea-
son are estimated accurately, and the cross-correlation opti-

but overall the seasonal amplitude matches the measurementsization yields an unchanged GGeasonal cycle. The cal-

well.

7.2 GEOS-Chem CQ simulation using manipulated
CASA NEE estimations

The comparison of the GEOS-Chem g8mulation using
CASA NEE estimations with the TCCON measurements re-
vealed a delay in the start of the growing season and a se
sonal amplitude that was too small (F8). Here, the CASA
NEE was amplified by 40 % between 48 and 65 N and

a_

culation of the correlation coefficient improved from 0.954
to 0.963 for the manipulated CASA NEE input (TaBB)e

These results are consistent with the findingfkahder-
son et al.(1997) andKeppel-Aleks et al(201]): the NEE
in the boreal forest has a large impact on the seasonal CO
cycle amplitude and the onset time of the growing sea-
son determines the seasonal cycle phase at the four TC-
CON sites. Changes in these quantities significantly influ-
ence the seasonal cycle measured at single locations in the
Northern Hemisphere. The TCCON data suggest that the

the onset of the growing season was shifted earlier by adding

Atmos. Chem. Phys., 13, 510%415 2013
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seasonaICO2 cycle [a.u.]
o

3}/ ——GEOS-Chem (CASA)
GEOS-Chem (CASA early_i40)
GEOS-Chem (SiB)

— GEOS-Chem (GBiome-BGC)
——mean TCCON data

5 T
1 2 3 4 5 6 7 8 9 10 11 12
time [month of year]

A

Fig. 3. Averaged seasonal cycles, derived with the averages of the monthly means, shown2anTHig. emerging patterns reveal the
characteristics already seen in the NEE inputs. The simulatedde&vdown using SiB or GBiome-BGC starts too early compared to the
TCCON measurements and too late using CASA inputs. The seasonal amplitude is slightly overestimated with SiB and underestimated
using GBiome-BGC and CASA. The simulated £f@lease starts too early using CASA and too late using SiB or GBiome-BGC. The zero
crossings indicated with dots give an estimate of the delays in thedt&vdown and release (Tal8g The manipulated NEE CASA input

leads to a significant improvement of the simulatedb@§xle. Even though the seasonal amplitude is overestimated, the timing of the CO
drawdown and CQrelease is estimated accurately (S&c2).

NEE distribution on large scales drives local variability in ability in atmospheric dynamics. A further analysis of the
atmospheric total column GO interannual dynamics will be forthcoming.

GEOS-Chem C@ simulations using year-specific SiB
NEE estimations or only SiB 2009 NEE estimations are a sig-
nificant improvement compared to simulations with the stan-
dard CASA climatology, currently used within the GEOS-
In order to quantify the difference between the year-specificChem simulation. To illustrate the differences between the
NEE and the static SiB NEE, a simulation for 2006 through standard CASA climatology and the SiB yearly values, we
2010 was calculated using the SiB NEE estimation for thecompare the GEOS-Chem G®imulations to the individual
year 2009. This approach gives a measure of the differenc@ CCON time series. In Figb the weekly averaged TCCON
between the climatology and year-specific fluxes. Xco, time series at the four TCCON sites used in this study,

Figure4 shows the spatial distribution of anomalies in the Park Falls (Wisconsin), Lamont (Oklahoma), Bremen (Ger-
growing season net flux (average NEE from May—August) many), and Biatystok (Poland) are compared with the weekly
relative to the five-year climatological average. Interannualaveraged GEOS-Chem GGimulations using CASA and
variability is clearly evident throughout North America, Eu- SiB NEE. The seasonal cycle of the GEOS-Chem,Gitn-
rope, and Boreal Asia, with anomalies representing 10 %aulations using SiB estimations fits the data best when com-
or less of the climatological average. Figuseshows the paring the measured and modeled seasonal cycle amplitude
monthly averages of the GEOS-Chem £€Imulation using  and phase. The GEOS-Chem £€mulations using CASA
year-specific NEE estimations, as already depicted inZig. inputs tend to underestimate the £€&bundance, especially
and the GEOS-Chem GGimulation using SiB 2009 NEE  in the seasonal cycle minimum, and the seasonal cycle phase
estimations for the entire time period. Despite interannualis often delayed compared to the TCCON measurements.
variability in the spatial distribution of NEE, the anomalies
tend to be weak or are canceled in the spatial average such4 Analysis of the differences between CASA and SiB
that differences in seasonal cycles aggregated over high lat-  NEE estimates
itudes is small. The correlation coefficient between the sim-
ulations and the TCCON data are given with 0.971 for year-Here, we examine possible causes of delayed drawdown in
specific SiB NEE estimates and 0.970 for SiB 2009 NEE es-CASA. On monthly time scales, NEE represents a small dif-
timations (Table3). This finding shows that the year-specific ference in large but opposing carbon fluxes. Fluxes to the
NEE only slightly improves the agreement with the measuredatmosphere are caused by heterotrophic respiration (RH) in
seasonal cycle, suggesting that the modeled §€§asonal cy-  the soil and autotrophic respiration (RA) by vegetation; these
cle is mainly driven by the spatial flux distribution and vari- fluxes can by lumped together and defined as RE. Fluxes

7.3 Evaluation of dynamic NEE in SiB
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of annual mean GSNF from the five-year climatological averag¢afp2006,(b) 2007,(c) 2008, (d) 2009, ande) 2010. Interannual vari-

ability is clearly evident throughout North America, Europe, and Boreal Asia, with anomalies representing 10 % or less of the climatological
average.
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Fig. 5. The same as in Fi@, showing the monthly meangp, for the GEOS-Chem Cgsimulation using year-specific SiB fluxes and using
only SiB 2009 NEE estimations for the whole time period. The differences between these GEOS-Cheim@@tions give a measure of

the impact of year-specific SiB NEE fluxes in contrast to the climatology, showing only slight differences. The variability of the TCCON
time series in the winter of 2007—-2008 is due to the few measurements averaged (Table S1 in the Supplement).

from the atmosphere are caused by gross photosynthetic uisPP exceeds RE during the summer, causing net carbon flux
take by canopy vegetation, and is typically referred to as GPFinto the terrestrial biosphere. The amplitude of seasonal NEE
NEE can then be defined as RESPP. In high latitude re- is therefore determined by differences in the magnitudes of
gions such as boreal forests, RE tends to exceed GPP durir@PP and RE, while the timing of drawdown is determined
winter months, causing a net flux to the atmosphere, while
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Fig. 6. Weekly averaged GEOS-Chem g@imulations using CASA NEE estimations (red dots) and SiB NEE inputs (green dots) in
comparison with weekly averaged TCCON measurements at four sites: Park Falls (Wisconsin), Lamont (Oklahoma), Bremen (Germany),
Biatystok (Poland).

by phase differences. We can therefore use GPP and RE to i P
understand why the drawdown is delayed in CASA. 81CASA Py
Unfortunately, GPP and RE are not available for the cli- 7{CASA-GFED3 z

matological CASA fluxes typically used as the GEOS-Chem
prior (Olsen and Randerspp004). For the purpose of exam-
ining delayed drawdown in this section, we therefore exam-
ine CASA-GFED3 as a proxy for CASA. CASA-GFEDS is
described irvan der Wer{2010. Both versions of CASA are
light use efficiency models in which NPP, which represents
GPP—RA, is calculated from satellite-derived estimates of
the fraction of available photosynthetically active radiation
(fAPAR). The primary difference is that CASA-GFED3 uses
MODIS radiative transfer algorithms for calculating fAPAR — e
while CASA uses NDVI observations from AVHRR. Both
versions also use similar models to predict heterotrophicd™ig. 7. Seasonal cycles of NEE (solid), gross primary production
respiration from soil carbon pools, where living biomass is (6PP. dashed, positive represents influx into the plant canopy), and
transferred to litter pools and subsequently decomposed fcosystem respiration (RE,dottedC,)posmve represents influx into the
rates depending on temperature and soil moisture. atmosphere) a.ggregated from 30=Rband averaged from 2006
NPP and RH data were collected from the databasen 2010. Flux estimates are for SIB_(g_reen), CASA (red, NEE onl)_/)

) . and CASA-GFED3 (black). The timing and magnitude of GPP is
globalfiredata.org/Data/index.htmion 24 October 2012. approximately the same for both models, which means the differ-
NPP and RH need to be converted to GPP and RE, respegnce in the timing of drawdown is likely due to RE, which is de-
tively, for comparison to SiB, which estimates GPP directly jayed by roughly one month in SIB relative to CASA-GFED3.
and solves for RE as a function of soil moisture and temper-
ature, scaled to balance GPP annually. For CASA-GFED3
we assume GPP can be approximated asNPP Prentice
200)), and then solve for RE as NEEGPP. All available
carbon fluxes for SiB, CASA and CASA-GFED3 are shown

CO2 Flux (PgC month™')

of RE are, however, different, with SiB shifted later in time
(=1 month) relative to CASA-GFED3. Peak fluxes due to

P . RE and GPP therefore tend to be more in phase in CASA-
inFig. 7, where SiB and CASA-GFED3 are 5 yraverages andGFED3 and out of phase in SiB. As a result of delayed RE,

C.:A.SA is Lyr. CASA and CASA-GFED3 have very S|m|I.ar the greatest imbalance between RE and GPP occurs early
timing and comparable amplitudes of seasonal NEE, with a

smaller CASA-GFED3 NEE amplitude than CASA. n the growing season, causing ea'rly shring drawdown gnd
: o slightly earlier leaf senescence in SiB. This finding is consis-
SiB and CASA-GFED3 have very similar patterns of GPP, 4 ; . . :
. . . A tent with the improvement seen for the simulation using the
including phase and amplitude. This is likely due to the fact

. shifted onset of the growing season in CASA in S&c®
that both models are driven by MODIS phenology. PatternsThe delayed drawdown by one month seen in the comparison
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with the TCCON data are like caused by the early onset ofprovided by NASA's Carbon Cycle Program grant NNX11AG016

the RE. for Park Falls (Wisconsin), and NASAs ACOS/OCO-2 project
Flux tower measurements of seasonal carbon exchang@r Lamont (Oklahoma). The simulations used in this study were

tend to support SiB, with RE delayed relative to GPP in tem_performed on the Caltech Division of Geolegical etnd Planetary

perate deciduous and boreal coniferous fordgaige 2009. ~ Sciences Dell Cluster. GBIOME-BGCv1 is provided by the

Seasonal patterns of RE are mainly controlled by temperatur&@-Planck nstitute for Biogeochemistry, Germany. MPI assumes

(Griffis, 2004 and references therein) while GPP is strongly no responsibility for the proper use of GBIOME-BGC by others.

dependent on Iight. Over the season light and temperature i€jited by: J. Pongratz

out of phase, with peak temperature delayed relative to peak
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