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The autlens would like to thauk tle reviewer for the comments which lave beon addressed
below aml bave contributed to improve the clarty of the mamseript. All the carections in the
rey e mEmmscript bave been lnghlighted i bloe awd bold pliase.

General comments

# Impact of horizontal resolution on representation emrors (P11-12, Fig. 11): I
see data gaps In Fig, 11 In my understamwding, the representation errors are
caleulated wsing the stamwlard deviatlons of neodeled concentrations at a fiee seale
(9km interpolated to 0.1 degree] within the global grid boxes of 1 degree = 1
degres,. In that case, I can't understand why such data gaps exlst? Had any
filtering been adopted? Please clarify,

The gy arvea wlhich appears as data gaps slows the mgions wlere & s less tlen tle tlhresluold
value of Lppm for surface OO aiwd (0 L ppan for XO02, This has wow been clarified o all the
relevant figure captions.

« Also, It would be very helpful If the mannscript Inclwdes the meonthly averaged
meodeled simulations at 9 and 80 km resolutions (spatial plot) for surface and
column concentrations, I would sugeest authors nclwde those plota, allowing
the reader to do the visual comparison in terms of statistical (&8 done in Fig.11)
and model-predicted (9 km va 80 km) sub-grid varlabili ty.

Mloutlly mean plots of surface OO and X002 lave been fsehaded i the Supplemant (e
Figs 56 amd 57) to provide a visual llustration of the small-scale varability associated with
tle Skin-EXP simulation eompared to the 80km-EXFP simulation.

« Table 3 and Fig. 5 Why there exists difference (in magnitude} between the
standard deviation of Inter-statlon RMSE (sigmaRMSE)} given in Table 3 ({in
braceets and in bold, last colwmn) and those given in Fig. 5 (a) and (b)7 I assume
that the awthors mEed “All statlons™ in Janomary amwd July for these calenlat lons,

Talble 3 had wot been updated wlhen the monber of obaervations was slightly elanged [eg.
anly the top level at the tower sites & used as listed 0 Table A1), This lss mew bean
correctad T the reviged mamscript, so that Table 3 and Fig, 5 ae consistent.,

« Fig. T iblk XCO2 daily min va. dally mean/max in July. It's rather surprising
to see the high RMSE values for daily min. What cansed BMSE (dally min)
to be almost doubled compared to BRMSE (daily mean} and BMSE (dally neas,
night timeT ), given that BMSE (hourly) doean't show this high walue?

The RO froan TOOON & only asailable during daytime. This bas beew clarified in the
rey e msmascript. Tlhee CO2 daily mimimoom i July (boreal smnomer) s e uneertain than
thee claily mesimum becawse it s eontralled by tle domimnt biogenic e associated with



photosynthesis (e, negative X002 awanalies); wlemeas in Jansary most sites (e, tlose in
MH) s dominated by respivation, affecting the daily meacdmum saviability and its RMVSE.
This las alse heen clarified b the revised mamiseript.

Minor comments

+ Fig. 1: In Fig. Captlon, please indicate the model®s resolutlon used.
Dhsiee,

# Fig. 5.6 and T: In Flg. Captlon, the standard deviation of B 5 not meentioned
though it Is ghven In the plot. You may plesse rewrlte as: “The stamdard deviatlon
of the plotted varlable from each statlon 8 sheowrm, o

Do,

+ Table 2 Sloce there s o change in flux datasets used for diferent experiments,
plese remove the last column amd lodicate detalls of CO2 Aoxes in the Agure

caption,

[]l::llﬂ.



Reply to anonymous referee 1 on manuscript entitled:
“Modelling CO2 weather — why horizontal resolution
matters” by Apgusti-Panareda et al.

AL Apsti-Panaveda, M. Diamantakis, 5. Messart, F. Chevallier,
Jo Mufioz-Sabater, J. Bareé, R Cureoll, R. Engelen, B, Langerock,
K. Law, 4. Loh, A Morgud, M. Parrington, V-H. Peudh,

M. Ramonet, C. Roehl, AT, Vermeulen, R, Warneke, D). Wunch

April 30, 2019

The aunthors would like to thank the reviewss for the comments which lave been adkd ressed
below aml bave contributed to improve the clarty of the mamescript. All the carections in the
rey e mEmmscript have been lnghlighted i bloe awd bold pliase.

Minor comments

+ 1. P2 L2-4: These 2 sentences seem contradletory. Please resolve the confllet.
The last seutenee lias been reswritten to clarify tle difficulty o extrapolating the resulis
tor ligleer weolutions: "It & clear foam the resulis that an additional e rease o resohition
miglit reduce ervors even furtler, However, the lorizonial resolution sensitivity tests helicate
thsat tlee eluamge in the OO aoud wied modelling ervor with resolution is et loear, making
it difficult to gquantify the Improvenvent beyond the tested resslutions."

« 2, P&, LG: “belng” should be “whether™
D,

# 3. P4, L& Figmre 3 8 referenced before Figure 2 (PG, L21), therefore plesse
reotder these fAgures.

D,

+ 4. P4, L15: Tahle A3 Is referenced before Table A2, Please reverse the order of

these Tahles,

Do,

+ 5. Ph, L1T: “semi-lagranglan” needs a capltal L
Dhsiee,

# 6. PG, L1- 4: Do the net sources amd sinks of blogenle Auxes have the same
Al across horlzontal resolutlons T Are the global net Aonxes the same for all

resolutlons T An example showing blogende fluces from different resolutions would
be helpfial in this regamd.

A e with the moutlly mean KEE from the Bm-EXP and 8kn- EXP simulations leas
beew added in the Supplement [see Fig 51). The diffence i their global nedget is less than
L. This lias e mentioned o the wvised mansedpt.

+ 7. PG, L14: “Semi-Impliclt Semi-" dosn't need any capltals,

[]l::llﬂ.



= 8. PR, L12-13%: “Since most low resoluthon neodels ws@ed In at mospherle Inverslons
temnd to wse the model sampling ASL at mountain aites. o " Please add some
references here to back up this statement,

[]l::llﬂ.

= 0. PO, sectlon 3.1 amd Flg, 4 Care nmest be taken when interpret ing nee teorologl-
cal forecasts at 1000 hiPa becawse this level Bequently requives extrapolation
(below mountalns and at locatlons with surface pressure below 1000 hiPa). Some
caveats regavding the we of this lewel should be mentiomwed.,

A cautionnry note lus been added to the revigsed mamseript (see Fig, 4 caption ) "MNote tlat
tlhe munber of data at 1ELPa level might be lower tlan the otler lovels as oleervations
will be missing wlien tle swface pressure s lower tluaon 1000 Fa "

= 10, P9, L15-16: Diagrostles computed with observatlons at screen level are
meet- tloned but not shown, It would be worth showing these fgmres becanse
of the Eswes with observatlons at 1000 hPa mentloned In polnt 9, and becanse
there are far more obscrvatlons from surface statlons than there are radiosonde
obscrvatlons at 1000 hP'a.

Tl l!g"l::-|1.'|.| BMSE and l!{|-::-|J.'|.| bias reduetion are sl in tle revised IJI-'LIJIJhl::I'ij:Il witly con-
sigtent values to the T000LPa winds

« 1L Po, L32: *reflect on™ should be “reflect™
D,

« 12, P10, L2: “Figs. 5c aml 510" should be “Figs. Ga and 6B"
Do,

« 13 LP11, L17: “summer (winter)". Should this be “boreal summer (winter )T
There nuay be almdlar Bsues cocurring elsewhere, for example on P14, L15. Please

review the entlre mamsEcript to ensme clarlty when discussing seasons In regard
to global resulis,

Dioase. Wheen simmmer )/ winter & wed it s valid for eitlher botl emispliees ar a specific site,
When winter suimmner vefer to the Jansey )/ July plots teen "boreal" s weed.
« 14, P13, L1% “an" ahould e “and™

Devise,

« 15 P14, L33 and P15 L1: please keep conslstency betwesn Ysec.’ and Ysectlon™,

Denise,

« 16G. P16, L26: “at lesst 4 km™. Do you mean “at most 4 kT Also it woold be
clearver to talk about grid spacing rather than resolution,

The seutenoe has heen w-written to explain tlat dkn B e minbnom borizgental eschition
required . A elarification of the aguivalesee hetwean lorizontal resclution aml madel grid
spacing has been meluded o the introdee tion.

« 17. Tables 83, S4: It wounld be helpful for the reader to provide the difference
In blas amd possibly also for standard ermor, ss it 1s for RMSE. Also, 1t would
be better to order the statlons by latltwde rather than by name, to better see 1f
there sre any patterns with respect to latltwde

Denise,
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Absteact, Climate change mitigation effons requine information on te cument greenhouse gas atnesphernic conoeninations
and their sources and sinks. Carbon diexide (C0%) is the mest abundant anthropogenic greenhouse gas. Hs vanabiliy in
the asimesphere B modulated by the synergy between weather and OO0 surface Quxes, ofien refemed o s OO0 weather,
[t is imerpreted with the help of global or regional numerical transpen moedels, with horizontal reselutions ranging from
a few hundreds of km o a few km. Changes in the model horzontal resolution affect ned only aimesapheric ranspont, b
alao the represcntation of opography and surface OO0 Auses. This paper sssesses the impact of horizental seselution on the
simulated atmosphernic OO variability with a numer ical weather prediction model. The simulations ane perfomed using the
Copemicus Atmosphene Monitering Service (CAMS ) OO fomecasting sysiem al different resolutions from 9 ko to 80k mand
are evalusted using in sy atmoesphernic surface measurements and astmospheric column-mean ohae rvations of 0k, a5 well as
radicsonde and SYNOP observations of the winds.

The resulis indicae that boeth divsnal and day-io-day variabiliy of amoespheric OO0 ane generally better represented at high
reaolution, as shown by a reduction in the emors in sinmlatked wind and OO, Mountain stations display the lar gest improve-
mienis al high reselution & they directly benefit from the more realisic orography. In addition, the OO spatial gradients ane
generally improved with increasing reselution for both stations near the surface and these observing the iotal column, as the
ovierall inter-station emor is alse reduced in magnitude. However, close o emission hotsapots, the high resolution can alse lead
o a deterioration of the sinwlation skill, kighlighting uncertainties in the high resclution Auxes that are mose diffuse at lower
resolutions.

We oone lude that increasing horizontal resolution matters Dor nmosde lling OO0 weather bocause it has the potential 1o bring

together improvements inthe surface representation of both winds and OO Tuxes, a8 well & an expected reduction in numer-
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ical errees of wanspon. Modelling applications like stmespheric imversion systems (o estimate surfaoe Quxes will only be able
i bene il fully from upgrades in horizontal reselution if e topography, winds and prior fux disiribution ane alse upgraded
acoordingly. 11 is clear from the resulis that an sdditional incresse in reselution might reduce emoss even funher. However, the
horizental resolution sensiliving tess indicae that the change inthe OOk and wind modelling ermor with resolution is nod linear,
miaking it difficuli to guantily the lnpeovement beyond the tested resolutions.

Finally, we show that the high resolution simulations are useful for the sssesament of the small-scale vanabiliy of €10,
which canned be represented in coarser reselution mede k. These representstiveness ermers need 1o be considerad when sssimi-
lating in sitn data and high sesoltion satellite datan such i Greenhouse gases Observing Satellite (GOSAT), Orbiting Carbon
Oibservatony-2 (000-2), the Chinese Carbon Dicxide Observation Satellie Mission { TanSat) and fowre missions such as the
Creostationary Carbon Observatory (GeoCark) and the Sentine] satellite constellation for OOk . For these reasons, the high
reselution OO0 sinulatons provided by the CAMS in real-time can be useful 1o estimake such small-scale variability in neal
time, s well as providing boundary conditions for regional medelling siudies and supporiing field experiments.

1 Tt e ct B

Orver symopiic weather time scales of hours 1o days and spatial scales less than LDk i, the assumption that aimospheric €0
is wellmixed into a homogenoous background dees not hold, & shown by the observed variability at baseline in situ stations
fe.g. Halier of al, [983). O30 weaither is defined here as the simespheric O30 variability sl timescales and spaiial scales of
wieather systems (Paraeoo et al, 20011) @ depicied in Fig. LI nefecs a comples combination of anthropogenic and natusal
O Muxes near the Earth's surface and iranspon by weather systems in the aimoesphere {Geels et al., 2004; Paira el al, 2008).
This synergy of OOk fuxes and westher resulis in inricate simospheric OO patierns of positive and negative anomalies,
onllecated with weather variations on top of the wellmixed O30 background that varies slowly on timescales of weeks 1o
annual timescales (Keeling et al, 1976).

Maodelling the synoplic-scale iransport that modulaies the O30 weather is crucial for interpreting the variabiliy of surface
O concentrations from insitu observations {Law et al., 20000 and column-averaged OO0 from satelite and grownd-based
observations (Corbin et al, 2008, and For forecasting OO0 from | e 10 days shead { Apgusti-Panareda et al., 2004; Tang @ al.,
2018) in erder 1o examine the predictive skill of the medek. Tracer ranspon medels use the numerical schemes and metee-
relogical information of Mumerical Weather Prediction {NWP) i simulaie the iracer variability inthe aimesphere. Incressing
the horizonial reseluion associated with the geid spacing of iracer iranspon models has the benefit of reducing the numerical
ernors in irscer simulations, leading 1o convergence of the iranspon solution from different transport schemes | Prather et al,
20085 KW P models fior weather forecast have been doubling the glebal horizontal resolution approximaikely every & years
(Wedi, 20040 in erder o improve the forecast skill. But unt] now, global tracer transpon medels generally use lower reselution
than NWE niedels, as chemical ranspon medels including chemisiry andfor long window data ssimilation cannet afford such

o pulstional expense.
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Obserations of smespheric OO are used in data sssimilation systems based on tracer transpert mede s 1o produce optinal
estimates of simespheric OO concenirstions {e.g. Massari et al, 2008) or mode] parameters and 0 fuxes in simespheric
inversion sysens {e.g. Rayner etal, 2005, Chevallier et al., 20000, If iracer iranspon models cannet represent the synoptc
variability accurately, then the resulting erres when comparing the iracer from the moedel with ebaervations will prevent these
observations o b used e Mectively in the data assimilation systems {e.g. Brooks e al, 2002, The mede]-obse rvation mismatch
caused by differences in the reselution of the tracer transpon medel — inclding ket the reselution of the meteorelegical
ficlds and the reselution of the Auxes on the model grid — and the reselution of the chaervaiion feeiprind is alse known as
representaliveness emes. Failure 1o properly account for representstiveness errods in data msimilation will kead 1o emess in the
optimized parameess, whether aimespheric conoenirations, mode] paramebens or surface luses.

Several studies have investigaed the spatial representativeness emmors of OOk (Miller etal , 2007, van der Molen and Daolman,
2007 Corbin et al., 2008; Tolk @ al, 2008 by analysing the OO0 diswibution within model grid cells, based on nested high
resolution simulstions on limited domains over Evsope, Morh America and South America for certain monihs o by sistisiical
parameterization of T30 covariancs based on lower reselution simulations (Alkhaled etal, 2008). The impertance of high
reanhition over complex terrain has alao been demonsirated on regional scales, eg. in BEusope {(van der Molen and Dolman,
20607 Ahmadoy et al., 2006 Pillai et al, 200 1) and in Noah America { Lin etal., 2007 Hedelius @ al., 2007 using very high
resolution sinulations {down o | Km), Hewever, other sudies with coarser global wacer transpen medels have compared OO0k
sinulations with a range of reselutions from a few degrees down 1o 0.5 de gree witheut finding significant improvenents with
respect i observations (Linet al., 2008; Remaud et al., 20018

The full impact of hor ontal resolution on the simulated wacer variability depends on the resolution of transpon and emis-
sions'biogenic Auxes {e.g. Yogel etal, 20013) as well as the reselution of the wpegraphy and the winds {e.g. Sekivama etal.,
2015y in the medel. In this study the full sensitivity of CO synopiic varability io the mode ] horizonal reselution {including all
the mpects mentioned sbove) is investigaied by quantifying the change in model erer with horizontal resolution s observing
stations. Three main questions ae addnessed:

. Whai is the sensitiviy of e modeled simespheric O30 variability ai divmal and synopiic limescales o horizonal
reselution?

2. How b horizontal resolution affecting the medivm-range {1-10 day) forecast error growih of aimospheric ©0;?

3. Whatare the typical (0 representative ness enreas in models with hos ontal reselutions of | degree x | degree, currently
considerad as high reselution in iracer iransport models; and where and when ane these representativensss emoss lages?

The masde] sinmlations use the operational Copemnicus Aimosphere Monitoring Service {CAMS) global OO forecasting
sysiem {Agust- Panareda @ al., 2004; Massan o al, 2016) which is based on the Integrated Forecasting System ([FS) mode]
of the Evropean Centre for Medium Bange Weasther Forecsis (ECMWE) They are performied over arange of resolitions
currently used operaticnally in N'WE from @ i 80 k. A detailed description of the simulstions, ebservations and tools used
1o msess the imporano: of horzontal resolution for simulsting astmosphernc OOz variability relaied 1o weather is presenied
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in section 2. Section 3 shows the impact of herizontal resolution on the eror of sinulated horizontal winds {section 3.1) and
aimospheric OO0k (sections 32 and 33). The resulis of the sensitivity o horizonial resolution are explained in the contexi
of the snall-scale variability in section 34, The disgnostics of small-scale varnability provide an estinwte of te expected
representativensss ermoas for OO0 simulations with coaser horizontal resolutions. Finally, an example of an urban site is
shown in section 3.5, where the impact of horizontal resolution s positive in Januany and ne gative in July, The implications
of the resuls for OO forecasting and aimespheric imersion systems are discussed in section 4 with a summary of the main

findings on why and whene hor montal resolution maters.

2 Methodology
21 (dhservations

Continuous in situ observations near the surface and column-average observations from the Todal Carben Colunn Observing
Metwork { TOCON) provide the reference for atmospheric U0 vaniability, Figure 2 shows the spatial distribution of the €0
observing stations used in this study, Hourly nearsurface OO0 observations are provided by 51 in siln s@tions operated by
varous erganizations throughtout the period of the simulations: data from 44 stions are taken from the cooperativie GLOB-
ALVIEWplus ObaPack {2015) data set, and additional daia has been obtained from 3 additional ststions from CSIRO in
Ausiralia and A ntasctica, and 4 stations from the ClimaDa network (Mogoud et al, 2003, 2007 over the [herian peninsula. The
coperative GLOBALY [EWplus ObsPack (20015) dataset is coordinated by NOMAS and it compr ses data collected by vanious
inatitutions and laboraiories including AEMET, AGH, CSIRO, BECCC, ECK, EMPAFMIL HMS, LSCE, NCAR, NOAA, TMA,
WIWA, 5AWS, TU, UBA-SCHALL UEA, UHEL-IU P and LR {see Tables Al and A2 for full lia of siations with their organ-
isations and associsied refeaences). No seleclion oriteria ane applied w the stations from the GLOBALVIEWplus ObsPack
(2015, CRIRD and Climialeat datasets, odver than availability of hourly data for sy and July 2004,

Most stations ane on the World Meteorological Orpanization (W MO O30 scale, although the inter-calibration of standard
gases is nod critical for this swdy because the focus is on the relative difference between te high and kow resolition simula-
tions 1o quantifly the sensitivity of mede led OO 1o hor zontal resolutien in the model. The distribution of the stations is o
homogensous ovzr the globe, However, there isa wide variety of locations thai sample synoplic variahility on vanous iypes of
terrain including many cosstal, meuntain, continental and eoeanie sies over diffesent continents on both hemispheses Wind
observations from arcund A0 radiosondes stations and all the operational 10-m SYNOP stations around the globe ane used 1o
evaluste the sensitivity of wind emors 1o the mede] hor zontal fesoltion at different atmosphernic levels inihe troposphere,

Todal column observations from 18 TCCON Fourier Transform Specirometer { FTS) network (Wanch @ al, 200 1) available
in January 2004 and July 2014 — shown s red driangkes in Fig. 2 — are also wsed to evaluste the variabiliy of the colunm-
averaped doy-air mole fracton of U0 — hereafier meformed toas X000, — (Tabk A3). These TOOON ohservations are retrieved
from direct solar near- infrared spectra {www icconc altech.adu) and they provide a ground e ference to the GOS AT (Kuze cial,
200, O00-2 {Crispetal, 2007 and TanSat (Yang e al., 2008) satellie observations {e.g. Inoue o al., 2006, Wanch et al,

BT Todal column sverages are less sensitive to the uncerainties sssociated with venlical mixing than the Ok abundances



1

15

near the surface, However, the temporal coverage of TOOON observations is limied 1o clear sky and sunny conditiens, which

mzans there ane generally more gaps inthe TOOON data than in near-surface in siu data.
22 Global atmespheric OOk madel

The maodel used in this sudy is the Integraied Forecasting System {IFS), the same nmode] used in NWEF at ECMWF and in the
CAMS simospheric composition analysis and forecasting system 1o Baue 5-day OO0 and CH | forecasts (hips:Saimospher e,
copee mdcus. eudmapsS o boba l-carbon- dics ide- forecast), a5 well as reactive gases and aerosol fosecasts relevant for air quality
{Flemming et al, 20015, Morcretie et al, 20000 The [FS mode] version s CY43r], the operational weather forocast mode] at
ECMWEF from 22 November 20006 e 0D July 2007, A full evaluation of this model cycle can be found in Haiden @ al. (20017
The high horizontal resolution is besed on a cubic octahedral reduced Gaussian — called heseafier octahedsal — grid (Holm
e al, 2006) The implementation of the ocdahedral grid has allowed a substantial increase in the grid point resclution From
L6 kot approsimately 9 ko, without having o incresse the specinal resolution of the model { Malardel e al, 200865 The @ kin
simmulation comprises up o B0 million model grid points, 137 evels and a time step ol 7.5 minwes.

The tracer transaport 5 modelled by three different numerical schemes o represent {0 the resolved advection of OO by
the winds, and the sub-grid scale (i) convection and (i) turbalent mising processes that nead 1o be paramets zed. The tracer
advection is compuied by a semi-implicit semi-Lagrangian scheme {Temperon et al, 2000 Diamantakis and Magnusson,
20016 which is an unconditiconally stable method for the iniegration of the ranspon equations and for the Fast terns sssociated
with gravity waves, Semi-Lagrangian advection schemes have small dispesion and phase speed erors despile using long
timesieps (Staniforh and COE, 19910, In practice, these progartics mean thai the imestep & limied ondy by the local inncation
crmnod and ot by numerical stability bounds. The semi- Lagrangian advection scheme in the [FS is nod mass conserving. Thus,
a mass fixer B required 1o ensune mass conservation al every time step (Apusti-Panareda o al, 2007, Diamantakis and Agusti-
Panareda, 20017 The wrbukent mixing scheme s describod in Beljaars and Viterbo {1998 Kochler e al. (2011 Sandu
e al, {20130 The comection scheme is besed on Tiedike | P99 (see Bechiold @ al, 2008, 2004, for funher details ). Full
documentation of the [F8 can be found in hops: i wowec now Cintfend fose castdocumentation-and-suppon/changes-ecnwf-
el fif s -documentation.

The O surface fluses fom the cozan, biomass buming and anthropogenic emissions are poescrbad using imoentones o
climatolegies, while the bicpenic Muses over land are modelled on-line {se: Table 1), The anthropogenic OO emissions come
from the EDGAR vA. 2FT2010 inventory for 2002 (last year with gridded emissions). They ae exirapolated in time 1o the
wiear of the simulation with country trends provided by the EDGAR database { hapedfedgar jrecc. curopa eu). The biegenic C0L,
cmissins from land vegetation are modellad with the A-gs phoosynihesis scheme and an empirical model o simulate the
comaysiem respiration Auxes which are inegratad in the CHTESSEL land surface model of the [FS { Bousseita e al., 20130,
The fluxes have been evaleated with FLUXNET data and companed s different models ¢eg. CASA and ORCHIDEE j showing
a comparable performancs on synepdic 1o seasonal scales (Balzarolo @ al, 20040, Anon-line biss cormection scheme { Apgusii-
Panareda ¢l al., 20086) is applicd 1o the modelled Gross Primary Production {GPF and eoosyatem respiration (Reco) Muxes to
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[ e

correcl for biases in the NEE budget on a time-scale of 10 days compared 10 a climatelogy of optimized fuxes { Chevallier
el oal, 20000, Flgure 51 show s the meoathly mean W EE o the highest and bwest vesolut lons,

The atmeapheric tracer wanspon and OO biogenic uses e two of the lagest contr ibutods oothe synoptic variabiling of
atmesphenic OO globally (Gozls e al., 2004 A pusi-Panarada o al, 20040 Thus, the modelling of these two oomponents
an-line in the [FS allows us to investigate the full impact of the reselution coming from the winds, the tracer transpon, & well

a5 The Auxes.
23 Global atmspherc OOk slmulat lons

Asetof global simulations are performed al several resolutions from 9 koo o 80 ki (Table 29 to investigaie the impact of
haorizental pesolution on the modeed OOk, variability atdivmal and synoptic scales. These ane the sesolutions thatane cumrently
used operationally in global metoorolsgical re-analysis — e.g. ERA -Interim & B0 km (Dee et al, 2001 - widely usad in tracer
trampor models, and the iypically higher resolutions. of operational weather forecasts models. For instance, the deterministic
wieather forecast al ECMWE cumently muns st 9 kin resohition, and it was the global forecading sysiem with the highest
resolution in the world when it was intreduced on 8 March 2006 (Holm et al., 200160

The eciahedral grid is used for all simulations, exoepd for the lowest resoltion sinulation st 80 ke which uses a reduced
linear Craussian grid as in the ERA-Interim and CAMS re-analysis | Inness o1 al., A018). The time steps are ako dependent
o the o montal resohition and range from 7.5 minutes 1o 45 minuies. As deseribad in section 2.2, the semi-Implicit semi-
Langrangian methed used in the 1FS is free from stability restrictions. Thus, the mede] uses the longest possible timestep thai
provides the most sccuraie resull foreach spatial resolution. This is selected through experimentation and validation, bt a mle
of thumb i that &5 the hos Rontal resolution increases, the timestep decresses 1o koep the mean Cousani—Friedrichs—Lewy (CFL)
number comstant This typically leads o much longer timeseps than Eulerian made s for which their timesiep 5 resriciad by
the fypical CFL stabiliy Limit {ie. the maximum CFL numbser being less than 1.

Allthe simulation experiments are conducted Fora winier and a summer menth, in Janwary 2014 and July 2004, a5 we expaci
that winter and summer periods will show markedly different variahility paitems in OOk, Figure 3 shows the configuration of
the simulations. A L0-day forecast is performed at (60 UTC each day of the month. The meworclogical initial conditions of
cach fomecad come from the BECMWEF operational KW P analysis (Rabier et al. |, 20000 wheneas the astmespheric OO0k tracer is
initializad with the previous |-day forecast, which means €00k s ssentially froe running, &5 in Agust- Panareda o al. (20140,
The first initial conditions for OO0 on | January 2004 and | July 2004 ae exwacied fom the CAMS OO0 analysis (Massan
el al, 20060, KW analysis of meteorological fields & one of the main elements desemining the quality of the tracer iranspson
(Locatelli et al, 2003 Polwampu et al, 20065, Keaping the meteorclogical ficlds close to the analysis by having a sequenc:
of |-day forecasts ensures the iracer wanspon is as realistic s possible. There fone, the sequence of |-day forecasis is used as
the standand {oyvelic Torecast) configusation fos the simulations al different resolutions

The extension to the 10-day forecasts allows us to mssess the impact of emors in the meeomlogical fields — which grow
during the forecast — on the OOk sinulations. These are 10 realisations of OO0 for cach day, one for each forecast lead time

iFig. 31 Each forecast lead time & evalmied separately in ondar to estimate the emer growth dur ing the forecast. For consitency
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inthe evaluation of the different forecast lead times, e perieds from 1O January 1o 10 February and 10 July 1o 10 August ane
used inthe validation diagnoestics.

The simulations alse nelude an additonal CO; irscer which is enly wansporied {ie. does not respond o O30 surface fuxes)
during the forecas. We refier o this tmmoer a5 N FX | This tracer & still initializsed with the sandand 02 ai the beginning of
each forecast. The difference between the NFX C0L and the standasd (0 tiracers can prowide insight on the sensitivity 1o
loscal Aux i different hosizontal resolotions. Similarly, the change in the ermor of the sinulation with resehtion for both the
standard and the NFX iracers can be used & an indicsior of ranspont versus Jocal fux infleence in the assessment of the
impact of hor zontal reselution.

24 Diagnostics Gor maoedel evaluat lon

The fecus of this paper is on assessing the skill of the medel in sinulating OO westher with shon-tlerm variability over a
period of & month. For this puspose, the Boot Mean Square Enmors

B
R3J5E=\JE§[M—-:,]’. i
the syslematic emor of hias
| R
p= g 3 (m—a) 2
=l
and the random emor
|
STDE = Fg[m‘_”‘_“]i i3

of the medelled COy dry molar fracton (o) ane compuied with respect o & hourly observations {o) a1 each observing site.
The standard deviation of the site errer — alse known & inter-sistion emes — B used & an indicaior of e spatial variability of
the emor & Je.g. BMSE, o between the M observing sites:

i hi)
= Eg[ﬁi —E]il {-ﬂ::l

where ¥ & the meanemor of all sites. I reflecis the skill of the model in representing spatial gradients between the sites. The
Pearsen's correlation ooefMicient is alio used 1o msess the skill of the medel in simulating the diumal and synoptic variability
al the sites.

The mede] is sampled inthe hosizonial by wking the neanest grid point i the siation over land. This approsch is widely used
in miosdie] evaluation | Paira e al, 2008) & itallows ssessment of the model directly at grid point scale. Al oosstal locations,
ooarse resolition modek can find a better il 1o observation by sampling the nearest ocean grid point as land grid points tend
e overestimate the divmal cycle (Law et al, 200100, For this resson, the sampling protocd for observations in simespheric

T
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imwesion system move some stations offshone (Gumey @ al, 2003). However, cosstal sites can have bodh oozan and land
influence which means thad they will have contrasting periods sampling beseline air sssocisied with low variability and pericds
with land and local influences smsociated with high OO variability (Paira e, al, 2008). Inths sudy we have chesen o sanple
consistently the nearest bnd point over lind because we ane intenesied in sssessing the capabilites of the medel 1o nepresent
boih baseling and local influences. The temposal sampling is performed with a linear interpolation from the 3-hourly archived
model fields 1o the ohservation time as in A psti-Panareda ot al. (20145,

At the surface siations, the medel is ako interpelated do the aliiude of the sampling height above the ground level {AGL).
This ensures the same model levels ane used for the different horizontal reselutions. The mode] has hybeid cooadinates that
fisllow the terrain close 1o the susface. Selecting the model level st the station height above mean sea level {ASL) would imply
using diffenent model levels for different resolitions when the orographic height varies between the horiponta] resclutions. It
would therefore lead 1o comparizens of O30 in the planetary boundary layer and free ropesphene st mountain sites whene
the low reselution model underesiimaies the erographic height. Lin et al. {20017) iesied both approsches si several mountain
sikes. They found thet the sampling s ASL grestly underestimaies the ampliude of the divmal cycle, a6 the sensitivity to lecal
Auxes is reducad at higher level above the ground. Since mos low resolution models used in simospheric inversions tend o
usi the model sampling ASL a1 mountain sites {e.g. Wang 1 al., 2018}, a comparison of the two approaches (AGL and ASL)
is provided in the supplement. At the TOCON stations, the model profile is proossed with the TOCON averaging kemel and
piot, s described in Appendiz A of Massart et al. (20161

Admespheric OO variabiliy is subject o local or small-scale influences (< 100 ki) assecised with comples iopography,
ooastal boundaries, local Muxes and mesoscale simospheric Aow (Lin, 2007 Most models used in carbon cycle sudies ane
unable o represent such local variability, The resulting representativeness enress re fect the sub-grid scale variability smsociated
with the coarse resclution of the moedels {e.g. Tolk et al., 2008). Ad high reselution i is pessible io estinmie pant of this
sub-grid scale variability of coarser models. In order 1o do that, the 9km simulation is interpolied onte & 0UIx0. 1 de gree
regubar lilon grid and subsequently it is sampled for each time zone {compuied hourdy along longitude) s 1300 +5~ 0.5
hawurs. local time. This temporal sampling st 13:00 is consistent with the GOSAT (hip/fwww gosalnies.go.jpiend and O00-2
(hitpefece,jplassa govimission) overpass time. Thus, it provides a mose relevant estinate of the potential representativeness
crnog for lower reschtion iversion systens, which we daytime surface in sil data and ssellite data (e g. Chevallier et al.,
2000, 20014). The represenislivenss ares s estimated by computing the standaed deviation of the OO dry nolar fraction st
0.1 dlegres resclution within the coarser grid boses of | degree x ldepree over the whole globe:

1 mn
aoae= | —=3 [m;—m)? 5

aml

Ml.ere?ﬁ_ Em o B the number of 001 degree sesolution grid cells within the coaser grid ozl of | degreex | degros ) e
is the Ok, ﬁj.rmn]i fraction & 0.1 degree resolution; and 77 is the average within the coarser grid cell.
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3 Resulis
A1 DImpact of loelzomtal pesoludon oo winds

The accuracy of the winds is a crucial aspect of the OO0 transpon quality, as winds drive the advection of 0y across the
resolved pradicnts in the moedel. In this section we investigaie the benefil of increasing the resolution from 80k m do 9lan
on BMSE of the zonal and meridional components of the wind, We imeestigate the changes in the global wind ersor with
midel resolution based on 1 2-hourly radicsonde observations which measure the horizontal wind compone nis theoughout the
tropesphere. Figure 4 shows there s a consisent and signficant RMSE reduction of the vector wind EMSE for the |-day
forecast with resolution. The impact of resolution — quantified here by the difference in BMSE between the 8km and %om
sinmlations — i larpes near the surface st 8500 FPa and 10000Ps with a RMEE reduc tion sanging between 0.2 /s and 006 my/s.
This is equivalent 1o a reduction in BMSE of around 1 5% near the surface, Inothe mkd and upper iroposphene (300 LPa and 200
liPa) there is a consistent bt smaller BMSE reduction, ranging between 0. L s and 0.2 my/s.

The BMSE reduction extends throughout the 10-day forecast for the two componenis of the wind betwesn L0060 and 850 h*a
with values arownd 004 /s and i B consisient in bodh northemsouthem hemisphenes and tropics {ned shown). The resulis ane
alao in agrecment with e BMEE with respect to 10m wind apeed from SYNOP observations with & mean RMSE reduction
avier the global demain of 00340 /5 The reduction of the mean error is smaller than the RMSE (< 0.2 m/s) throughout the
tropesphere, which means the largest component of the wind ermor is random.

32 Dmpact of horlsontal @esolution oo COs divesal aond symoptic variability

The sensitivity of the model skill @ hourly and daily time scales 1o the horizental reselution of the model is sssessed with the
crnog of the OO0k simulations with respect o hourly mean observations. The change in the BMSE with horzontal resolution
beed on the surface OO and KO0 observations (see section 2. 17 is shown in Figures 5 17,

A the surface thene is an overall substantial reduction of RMSE betwoen 80 ki and 9 koo (e, Between L8 ppom and 3.5 ppn
fior hourly data) which is clearly nod linear (Figs 5a and 58, The RMSE difference between the 80 ki and 40 kin simulations
or the A0 ki and 25 kin simulations is nod a5 laree a5 the difference between the higher resolation simulations (e.g. 25 ki
and the 16k or the L6 ki and the % k). This & panicularly proneunced For the daily macimum OO eocuring usually ai
nighttime, which is generally controlled by local fuxes and sanall-scale wanspon of tracers and thene foge i1 is mose sensitive
to mesohition. The daily maximum valwes ane generally much better capiured at 9@ kin resclution comparad o 80km with a
reduction in the BEMSE of around 2.5 ppon in Yanuary and & ppon in July, Indeed, there ame large diffiere noes between the EMSE
of the daily maxinmm and mininuwm OO values, As expected, daily minimuom values that emenge during daontime have smaller
RMSE. This is because during dayiime the mininmuwm OO values are nfluenced by the larper-scale fuses and iracer iranspson
which ane less sensitive 1o high resolution. The reduction in BMSE of the daily minimum €0k is therefore smaller than for the
daily maximum, but it & 2ill considerable with an BMSE decrease of amound 0075 ppan from 80 ko o9k m sesolitions in boih
January and July. These differences reflect the ability of the mode] to represent the divmal cyclke. The 9@ ki sinulation clearly
shows a general improvement in the OO divrnal cycle near the surface, with smaller differences in the RMEE of the two daily
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extremes, The largest EMSE reduction comes friom mountain sites {over HO00 m above mean sea levely, ranging between & and
L i For housrly OO0k (Figs Ga and &) companed o the lowland sites which can see improvements beiwoen 05 o 2 pom for
hourly COe RMSE near the susface { Figs e and &4

In general there is alse a notable reduction inthe spresd of the RMSE at the different sites with resslution, &5 shown by the
e BMSE values below the panels in Fig 5 and & This implics that the spatial gradients betwoon stations are betier represented
al higher resclutions. The global mean comrelation coefficient ako increases with eachition from 047 1o 056 in January and
051 do 059 in July for the hourly OO0z, with consisienty higher come lations Por the daily mean, mininum and masinmem 0
al higher resolution.

A expected, the sensitiving o the stratepy of sampling the mode] level sl observing stations is generally small over low lands
bt large over mountains, paniculasdy at low resolution {Fig. 523 Al mountain sites, the mode] level at the real station height
abpvie mean sea level is prodominantly in the free roposphere and therefore it has a small sensitivity wo the local Busesflow;
wheneas aking the mode] kevel with respect o the mode ] ground penerally exhibils larper ernoes associated with local influences
in the boundany layer. The difference between the tvo sampling strategies on the BRMSE and comrelation coeflicients bocomes
smialler s high resolition (Fig. 53 This re fects an improvement in the capability of the mode] & represent the Bow and Auses
arpund complex topography at higher hor zontal resolotion.

The XCO: BEMSE at the TCOON sites during daytlme also displays a general decrease with resoltion (Fig. T, with
differences of the coder of 001 ppm from B0k te ke resolutions and increases in the correlation coefficiens (v of up
1 005, I boeeal summer, the X OO0y dally mdnlmoam s the largestSmallest RAMSESS becawse it rellects the uncer-
talmty assoclated with madelled platosynthesis and pegative X OO0 anomalles; whereas in boreal winter, the X C0g
dadly meaximum kas the largest RMSE becawse ecosystem respleation associated with positive 3000, anomalles i (e
domimant process al most TOOOMN sltes [0is likely that the larger footpring of KO0, (Belikoy et al, 2007 st most TCOON
stations — msacciaed with iis sensitivity 1o larpe-scale Qux patterns — (Keppel-Adeks etal, 2001, 2002} is causing nost TOOON
sites b b less sensitive o hor zontal resolution. However, there is a large vanation in EMSE betwean sites {(see & RMSE in
Fig. 7 and Fig 59 which is reducad at high resclution. In paricular the TOOON sie al Pasadena (Califomia, USA) located
near the anthropogenic emission hospot of the Los Angeles megacity sands out (Fig. 89, The inprovement associated with
high resolution ai Pasadena is indeed remarkable in January {ie. approsimaiely 2 ppan RMSE seduction). & more detailed
study for Pasadena & provided in section 3.5,

The change of EMSE with resolution is panly associaied with the impoovement in the wanspon and alse the representation
of the local fuxes at higher resohitions. Figune 8 shows that when the fluxes are switched ofT during the |-day fonecast, there is
still an improvement with resolution at mes sies, bt the magnitude of the ernor reduction is smaller (soe symbols tothe righ
of the dash line). This is very clear for a large number of mountain sites and TOOON sies affected by anthropegenic emssions
such & Pasadena (LUSA) in January and Saga (Japan) in July, However, there are ako some sies and months in which the
impact of escltion & keder without fuxes than with fuxes (e.g. Pasadena in July) This would indicate that in this case the

crnors in the fuxes ame the main cause of the deterioration in RMSE with resoltion.

1
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The wverall global ermor statistics of the D kin and 80 ki simulations including the sysiematic dor bias) o and the standsard
{or random) error ane shown in Table 3. The reduction in RMSE s @ kan is sssocisted with a decrease in the magnitude of the
Oy bisses on average of L5 bo 2 ppan near the surface and up to 002 ppan for X000 and & general reduction in the C0g
random erros of 1o L5 ppon near the surface and 001 ppon for X002 (Figs 54 and 55). The biases depend largely on the bias
of the €0 initial conditions, as well & the biases of the Auxes and iracer transpont. What & imporiant inthis sensitivity study
is that the standard deviation of the bias sl each station — Le. the inter-station biss — is reduced at Dkm with nespect w 810 ki,
a5 shown by the shaded ares in Figs 84 and 85, The larpesi decresse in the inter-station bizs betwoen 80 ki 9k oocurs in
Tanuary, when it B almost halved near the surface. The emors st the individual ohserving stations are liged in Tables 81, 82,
53,54.

33 Impact of horlzontal resolution oo OOy ferecast ervor growtl

In 10 days the global mean BMSE of OO0 forecast al the in situ surface stations grows by amound 1.4 ppan in Januany and
arpund | ppon in July (Fig. %0 [t is worth noting that this eror growih is smaller in magnitude than the impact of incressing
horizenial resohition from 80 ki to 9o, Namely, the 10-day forecast st 9k s better than the |-day foecast st 80k near
the surface. A the TOCON siles the X000 RMSE grows on average between 02 and 05 ppon in 10 days (Fig. 10y The
forecast RMSE growith for near-susface OO0 and X400 doss nod appear o be linear, with a skow growih undil day=1, and
fasier increase from day 5 onwands., The OOk BRMSE growih at 80 kin s slighily faster than at 9km. In summarny, the gain
in skill Prom haorizontal resolution is maintained throughout the 10-day forecast, Thus, the resuls sugeests that the hor kontal
resolution has a small bod pesitive impact en the short and medivm-range Fosecast skill for OO0 and X000,

A expecied, the BRMSE in July is largest because of the high uncenainty associated with the modelled Biogenic Auses
at synopiic scales which influence the vaniability at continental sies {Agusti-Pananeda @ al, 20040 There is also a larger
uncerainty in the meteorokgy driving the tracer transpon during summer compaed e winder | Haiden et al, 2007, The fact
that the fosecast EMBSE ai day-1 is larger than st day-2 in July is associsted with a sporadic oversstimation of daily maxinuwm
Oy peaks at sites influenced by arong local Nuxes. Thee are several potential causes of the overestinmtion {e.g. biogenic
Auses responding 1o rapid adjusiments in metesroksgy afler analysis re-initialisation at 00 UTC or issues with the tracer
tramport associaied with short spin up period), but these ane beyond the soope of this study.

The near-surface T BEMSE increase during the forecast appears 1o come mostly from an increase in random ermos in
Tanuary and from ot mean and random enmos in July (Fig. 5840 whereas for X005, both mean and random enroos. contri e
aqually tothe forecast RMSE growih in lanusry and July (Fig. 851 This is probably linked 1o the distribution of the stations,
a5 most in st stions are kecated inothe northem hemispherne ) whereas TOCON stations are mose equally distribued in boih

hemisphenes, and thus, the mean ermor al all stations dees not shay differences between summer and winder conditions.

34 Dmpact of hoelsontal vesolution on OOy smeall-seale varlability

The semitivity of the BRMSE o esclition & generally ssociated with regions that ane affecied by small-scale variabiliny that
canned e proper 1y represented by typical global irscer ranspont models (Law ¢ al, 2008 Paiea ¢, al, 20080 Figure |1 shows
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that the mean amall-scale variability, given by the standad deviation within | depree x ldegnee grid box, can be as large as
L i nesr emission hotspos s the surface during daytime . The re presentation of the COy, small-scale variablity at the
surfnce i the ¥om-EXP comparved to the 8kom- EXP i alko Dlust eated in Fig. 56, Larger valoes than 10 ppan can e Pound
avier most land aress st nighttime (Fig 12). These values ane likely o be undemsstimatad, sinoe we expoct horizomal gradients
o become stoeper @5 the resolution increases, the point sources asaociated with anthropogenic activities bocome stronger ai the
grid cell scale and pan of the sub-grid scale low is resolved.

Coasial sites and mountain sites have a typical sub-prid scale variability of around 5 ppin during daytime. This vanability
varies o Januany to July, depe nding on meeorelegical conditions {e.g. stamant of windy conditions) and the magnitude’sign
of fuxes je.g. kogenic activity shifting nonhwands in nosthern hemisphere summeer ). Owver land, the patterns of sub-grid scale
varability of surface and tetal colunmn ane consistent {Figs |1 and 13}, a5 both ane subject 1o surface helerogeneity in ems of
topopraphy and Buxes. However, there B adifference in magnitude because the variability of the todal colunn average is much
amaller than the variability ai the surface.

XY has a maximum standand deviation of | ppoe near surface fux hotspos and iypically less than 05 ppim in most
regions {Fig. 133, which 5 consistent with other estimaies from regional studies (Corbin et al, 2008 Pillai ¢ al, 20000 { see
alzn Flg 57 loe a viswal lusteation ). The differences in the amall-scale X OO0 varability between day and night appear o
b amall Interestingly, the small-scale variability of X002 is much larger in summer than in winder {bedh in nonhem and
spthem hemisphenes). During the growing season, negative OO anomalices sssociated with plant photosynthe sis and pasitive
andsimia lies assoc mied with ccosystem respiration and anthsopogenic emissions combine o create steeper gradient throughout
the ropesphere — as illwirated in Fig, 1k — thai coniribute o the enhanced sub-grid scale varabiliy in summer compaed
1o winter Onver the cogan, the amall-scale variahility of X000 ranges between 001 and 0.3 ppon, with lower values in the
winter and higher valuwes in the summer. Inthe northem hemisphere sunmer, te valwes over the oozan and over the land ane
comparable. Wheress near the surface, the mean sub-grid scale variability B an osder of magnitude smaller over the eoean than
avier land. This & because over land the surface fluses dominate the gradients resuliing in the steepest gradients being near
the surface; while over the oocan, the transpon ssociated with the weather sysiems creates steep OO0, gradients in the free
tropoaphere, Therefore, column averaged 05 is nuch more likely (o be influenced by sub-grid scale variability associated

with wesather systems than by surface O30 Muxes over the ocean.
15  Example of horizontal pesolutlon lmpact at an urban ste

Although the winds, the topography and the spatial heterogeneity of the Auses are penerally better represemned st high hos-
izonial resolution, there can still be a deterioration in the BEMSE scomes at sites where the Jocal influence is sirong and the
cmissions/bisgenic Muxes have large emors inthe model Inothis section we present an example of such a case s the Caliech
TOOON siie in Pasadema (California, USA, see Tab A3 with X000k under clear-sky and daylight conditions. The variabil-
ity of the sinmlaed X008 exhibis a subgantial improvement with high resolution in winter and an equally considerable

deteriosation in summer {Fig. 153 Thus, it ilusteaies some of the challenges sssociated with urban regions.
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Pasadena is located 14 km nonh-east of the megacity of Los Angeles (LAY with a large local anthsopegenic emission in-
Auwence {Wunch et al, 2000 Newman ei al, 2006). The X000, vanability in the model is alao mainly explained by the local
anthropaogenic emssions (Figs 810 and 5 1 1 producing viery large OO enhancements in the Manetary Boundary Layer (PBL)
(Fig. 5 12 and therefore in X008, The OO0 udget of the anthropagenic emissions used &t Pk and 80 kin & the same, How-
evier, the instantancous values of the emissims per squane meter ane much higher at 9 n than at 80 ko, representing some
of the sieep pradients and heterogeneous distribution of fosail fuel emissions within the LA basin, with higher emissions in
downiosn Lo and lower emisions in Pasadena{ep. Feng ef al, 20060 A B0 ko, Pasadena and downtown LA ane in the same
el grid baos, which means this geadient cannod be nepresenied. In addition 1o the influence of anthropogenic emissions, the
seasonal varation of the winds is very pronounced in Pasadena, with a large contrast in the origin or air masses beiween winder
and swmimer | Yerhub et al, 2007

In winter, air masses originate om varous directions: from the prevailing weslerly and southery winds bringing and
sccumulating polluied air from the LA megacity, o northerdy and essterly low characternised by cleaner air with lowar 10
values from the surrounding deser and mountains (Newman e al, 2006). Persistent low wind conditions kead 1o a large
accumulation of 0k inthe LA basin a5 it remains trappad by the moumntains. These episodes result in large enhance menis in
HOO (Hedelius @ al, 2007 coinc iding with the high OO0 anemalics over perisds of a fow days (eg. 2600 30 January in Fig.
15a). In those stagnant conditions, the 9k sinulation is in much closer agreement with the observed X000 peaks than 80
ko simubation, which overestimates the X008 anemalies. This is bocause st Bk esolution there B an effectively unifosm
cmission for the whole LA basin, Note that the OO0 and X000 small-scale variabi iy anound L& appsears (o be larger in winder
than in summer (Figs 11 and 145 Without preserving the shamp gradient in emissions between Pasadena and downtown LA,
the OO0 sccumulation & overestimated in Pasadena,

The aimospheric cinculation in summer is mainly contrelled by the ses-mowntain beecze (Lo and Toreo, F#R) Daytime
advection of anthropegenic C0z-rich air from LA city resulis in X000 peaking in the aftemoon before i is vented owver
the mountains { Mewman o al., 2003, 2006 The ewrestimation in the summer X000 peaks & 9 ke & likely reflecting an
ovenestimation of the emissions in downtoyn LA, The enhancement of OO0 from anthropogenic emissions is larger a9 ki
than & 80 ki (Fig. S11). This sugpests an overcstimation of the hotspot emissions over the LA basin in the temposally-
exirapolatod EDG AR inveniory, which is smoothed and kess noticeable at lower resoltion. Thene are many reasons why the
anthopaoge nic emssions used inthe model can be overestimated, including the semporal cxtrapolation based on countny-scale
scaling Factors and the use of annual constaniemssions in EDGA B 2FT2000 instead of seasonal 1y varying emissions (Corkin
el al, 2000,

Dvifferences inthe sampling lecation {centre of grid B 3 ko and 349 ko from station lecation st % koand 80 ko respectivaly,
ooegraphy {15 m below and 4%m below the station height s 9 b and B0k respectively) a5 well s differences in fow and
loscal iogenic Muxes can alse play a mole inexplining the differenos bBetween the simulations st 80 ko and 9@k resolutions.
The resulis ane consistent with previous studies by Feng et al. {20060 and Hedelius et al. (20017). They found that unoefaintes
im the fluxes and their high resolution representation in the LA basin ane & inmportant &5 the ammospheric tracer transpor in the
representation of the OO enhancement and its variability in Pasadena,
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This example a1 Pasadena highlights the imponance of horizontal resolution o represent lecal gradients of OO Muxes in
onder o reduce the simospheric O30k representativencss enmor. [ enmphasizes that the impact of incressing horzontal resolution
is o oaly 1o reduce the emos of amoeapheric OO simulations, ot 1o enhance the sensitivity of the moedel led atmespheric OO0
veariability tothe 0 Auxes in whan regions character Bed by emission hotspot. Therefone horziontal resolution & crucial for

almesphenic inversion syatems thal aim 1o estimate anthropogenic emBsions.,

4  DM=cussion and conclusions

This paper addresses the importance of horizontal resolution in the representation of 0 variability ai divrnal and synopdic
scales, refersed 1o here a8 OO0 weather. The OOz simulations perfoemed with the ECMWE IFS model allow 1o quantify
the combined impsact of horzontal resclution associated with () the on-line modelling of the winds, (i) the numerical racer
trampor model and (i) the spatialtemporal distibotion of OOk Auxes over land. The assessment B done by comparing the
mpdie] ernors st various horizontal reselutions with respect tooa wide range of chacrvations with hourly resahition and disiriboed
arpund the glebe. The horizontal mesolution of the mode] ranges from @ kin — &8 in cosrent operational high sesolution wesather
and T forecasis al BECMWEF — and 80 kin, which cormesponds 1o the ERA-Interim re-analysis resclition, widely used by
miany of f-line wacer wanspon mode k. The conclusions 1o the three main questions addressed in the paper are summar sed
bzl

I. Wit k& the sensltivity of the maedelled at mospheric OO0y varability at diuenal amd symoptc timescales to horl-
aninal resolution?

The high horizontal resohtion of 9k leads tooa general improvement in the simulated variahility of howly near-surface
and column-averaged amospheric O02 compared 1o the resolution of 80 ki, This & shoewn by a redoction in the mean
BEMSE of arcund |8 ppim inwiner and 3.5 ppon in semmer {equivakent i 33% ermor reduction) and 0.1 ppan e, around
1% crror reduction) at in sit and TCOOON sies respoctively, which is associaied with a reduction of both the mean and
randem erros in the model. The inter-station variabiity is alse generally improved inothe 9 o simulation Dor near-
surface and colmn-averaged O in January and July, with the sandard deviation of station biases reduced oy 1o 50%

comparad & the 80 km simulation in January for near surface OO0,

Colmn-averaged OO0 is nod &5 sensitive 1o horizental resolution as near-surface OO0 bocause i has a larger footprin
or area of Aux nfluence, exospd for sites like Pasadena which are clese o OOy emission hotspods. Similarly, mininwm
daily values of atmospheric OOk, ane less sensitive 1o the horizontal resolution than maxinum daily values because their
fospdprind tends 1o be larper in size.

This study also shoews that the RMSE reduction of enrar with horizontal resolution B nod linear. This implies that sesulis
from sensitivity studies exploging te inpact of resolution besed on coarse simulations which show amall sensitivity
1 horizontal resohition canned b extrapolaied 1o higher horizontal resolutions. These resulis ane consistent with the
findings of the Lin et al. (2007 swdy based on wider range of model resolutions from ~ 100 K down @0 1 ki and
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observations &l thre: mountain sikes. The reduction in model ernor sssociated with the incresse of horizontal resolution

1o % b emanaies from Four diffene nd well-known and connecited aspecis, namely:

{a) Betier accuracy of the horizonial winds. The srengih of the winds determines the observed O30 variability — Le.
the detectad 0 enhancement — close o emission hotspes like inurban regions (Newman o al., 2003, Xoeref-
Rimy e al, 20018 There fone, the emor inthe wind will affect the valoe of the enhanced 0 #8 much s the emor
in the fuxes Inothis contest, for example, & wind speed eror reduction of 05 ms—! - & shown in section 3.1 -
acroas a gradient of 10 ppndl degres —typical of urban areas & shown in section 3.4 — theoughout & 6&-hour period
can result inoa OO0 ermor redwction of aound | ppoe. Uncenainty in the winds has been shown 1o be one of the

larges ocomtributers (o the uncenainty in the estimated Muxes over urban ancas (e.g. Hedelius eval, 2017,

ik A overal]l seduction of the numerical emor associated with keower spatial and e mporal troncation emors, leading io
a reduction in tracer advection emors (Prather e al., 2008).

{c) A general improvement in the horzental and vertical sanpling st the station locations in the mode] associated with
a mre mealistic epresentation of oregraphy and ooestal boundaries.

() Maore realistic e presentation of OO ux distribotion st the surface, Hligh resolution gives an increased capability to
represcnd small-scale sharp pradients ssaoc mied with comple x wopographical boundaries ai coastal and moeantai nous

terrain sikes, & owell as the presence of strong local surface fluxes of OO such & anthropogenic emission holspots.

2. How is the horizontal resolution alfecting the forecast crvor grow th of atmoespheric OO0, T

The horizenial ressluticn has a consisient positive inmpact on the emor reduction al all frecas lead times, from day
| i day 10, imphring a long-lived improvement in dhe prediction skill. The RMSE growith & amall from days | oo 4,
namely kess than 005 ppon near the sur face OO0, and less than 005 ppon for X000, Owverthe 10 days there s aninerease
in RMSE of 1 to |.5ppn s the swface and 001 o 05 ppn for the total column. This emor growih is ned linear. For
cxample, n July the ernos of the |-day forecast is worse than the 2-day forecast, with a shwer emor incresse during the
2w A day forecast and a generally faster error incresse from day 5 1o day 10 in the ferecast. This inccherent change in
the emror evolution at the beginning of the forecast is likely linked tothe strong influence of the biogenic surface fuxes,
which respond very fast wo changes inotenmperatune, moedsture and radistion forcing in the model. Inconsigencies beiween
the analysis a5 initial condition and the mode] forecast can cause spin up adjusiments which may lead io s degradstion
of the |-day forecast.

Crenerally, the improve ment of forecast skill with increased horizontal resolution is most proncunced in January, when
ai % ko resolution the skill of the L0-day forecasi is better or equal o the accuracy of ihe |-day forecast ai 80 ki boih
near the surface and for the colunm average OO0z, Bis likely that the skill of the 10-day Dosecast o nepresent variahility
af OOk during summer conditions is hampened by the gowing ermoas in the surface iogenic Auxes during the forecas,
a5 they can be an impoatant contribuioer 10 synopdic varability inthe sunmmer {Agust-Pananoda et al., 201400,
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3. Where amd when are the typleal representativeness ervors assoclated with wnresolved small-scale variability
largest?
Cruring dayitime, the OO0 amall-scale variability of the 9 kin-resolution forecast sanges from | ppan to [0 ppan ait the
surface and an order of magnitude smaller (00 ppon to | ppand for the toal colunm average. I points @0 the ancas
aaociaied with small-scale gradients where horzontal resolition matiers: cosstal boundaries and mountain regions have
typical values of Sppmddegree and OO Aux hotpots have the highest variability of ap o 10 ppinf degrea, During
nighttime, the small-scale varability tends to b larger than 10 ppon over most ansas ovier near the surface; wheneas that
of column-average OO0k shows small differences between day and night.
The high horizental resolution gives us an insight on the aneas with high sensitivity o uncenainty sssociated with
both local wracer transport and Mfuxes, [is in these arcss where improvements in the iracer wanspon and incressed
understanding of the hetermsgencity and complexity of the surface will be crucial in the future model developments. Since
these arcas ane close 10 emission hotspot, it is clear that inorder o monior OOk emissions, particularny from cities and
power sations such as in the new Carbon Human Emission project (www.che-projectea), it is paramount bo invest in
high horizontal feseltion models.
Interesting differences ane found betwoen surface and column-averaged variability, Near the surface the varability is
el proneunced ¢lode (o emizsion hotspots and complex temrain, For column-averaged OO the sub-grid scale varability
is alao substantial over the ecean downstream from emissions. This emphasizes the imponance of the tranpon infeeno:
an X0k vanability., Small-scale variabiliy & also found o be mone pronouncaed in summer than in winter, & biosgenic

OO0 Muxes of opposite sign in summer enhanos the OO0 gradiems in the aimosphene,

In summzary, this paper has shown that mode] simulations uwsing the CAMS OO0 forecasting ayatem a9 kin reselution can
provide & more sccurale epresentation of irscer iranspon and the local influences of surface Auxes than at kower resolitions
ranging From 80k 1o 16k, resulting in an overall better representation of the amospheric OO0 variability s divmal and
ayneplic time scales, However, at higher hor montal resclution there is ako higher sensitivity of stmospheric U0 1o 00 flux
crnogs, a5 emissions and biegenic fux hotspas are nod diffused over large areas like in lower resolution moediels. Thus, higher
resolution models alao risk the deterioration in the fosecast BMSE, ¢ g, near emission hotspols associated with larger ernoss.
With the enhancement of the model unoertinty ai high resolution, the prospect of funher increasing the horizontal messlution
needs tobe caefully balanced with improvements in the most uncenain mosde ] processes.

The impact of horizental reselution on the accuracy of the winds highlights that enrors inothe wind need e be considerod a5 an
imporiant source of uncertainty both inthe stimospheric OO0k analysis/forecast a5 well as inthe imesion sysiems (Polavarapa
el al, 20060 The findings in this study also sugeest that incre ssing horizontal resolution wp o kilometnic scales in atmospheric
data sssimilation and iversion systems would allow the use of mose in situ and high resclution satellite ohservations clese
1o strong sourossSsinks and over complex termain. Lin et al. (2007) found that & mdmdmum horizental eseluton of 4 ko is

regquired W sinulate a sealistic diwmal cycle of CO2 sl mountain sies.
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Cumrendy, the precBion of KO0k from satellite ebservations B arcund 10w LS ppon for ACOS-GOSAT data (0 Dell et al.,
2012 and OC0-2 daia (Wuanch etal, 2007). However, i iracer ranspon models canned represent their variability sccuraiely
inspace and time, all te effors o reduce the emess from the sstellite retrievals of OO will net be froiful in he e atienpt o
reduce the unceriainty in the estimation of surface fuxes. This is because relatively small differences in simespheric mixing
ratis ane maocialed with significan differences in swface Muxes {Houweling et al, 20000 Oi1 e al, X015, The benefis of
high resolution inimversion sysiens will alse need o be balanced with the costs of mnning & model a1 such high resclmion.

Finally, the CAMS high reselution forecast running currently i % ki reselution can provide benchmarks for other simula-
tions using codrser g ids o of - line meteosology ¥ ¢ al, 2008 Both CAMS analysis and high resolution Fosec asis are Tneely
available 1o users (hMips: faimosphere copernicus.eu). Potential applications include the estimation of representstiveness emors
and data selection screening of eheervations from satellites and in situ siations indata ssimilation systems, spatial collcation
of KOOk from satellite and TOOON data for validation purpeses fe.g. Gueret et al, 20013) or & boundary conditions for high
resolution simulations andfor inversions sl regional scales.

Dag avaikabilizy. The data is acoessible by comading the cormesponding auther {Ama  gusi- Pamareda@Fecmosl. mi).
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Talde 1. Datasets and maodel of U0y Huses wsed in amald s 1sted m Tab, 2.

Flux 1y pee Souree Tempral Hesaludion Hiefemenee
resafd ulion {kal x b b
Idegress”]
Ambropagenic EDGARvAZFTZ2010 Ammual] mean (RN Ohvier and Janss e -Mamboad (200 5)
Bewmass bummg  (GFAS Diadly mean (L1 =1 Kasser et al. {2012
Ccean Takalashi chmasakigy  Momthly mean A5 0 Talahashied al. (20K
MEE CHTESSEL Achpied 1o Adapledio Bompsetta of al. (215

macke] tme siep madel resaluon AgusdPanereda et al. (20166

Tabde Z Lid of amaulaticns with differem resalitioms given by different made] grck. All smaltons wsee 137 vertical medde] levels, Adl the
eapermments have been performed in January and July 200 4 wang thee same OO0 surface Huxes (see Tablke 1)

Experiment  Muodel resodution Maode grid — Model time siep

Teme-EX P 9 km Teal 2/ 75 min
1akm-EXF lakam Teah ¥ 12 mian
25km-EXFP 25k TeadiE 15 min
A EXFP Altkm Tea255 X min
- EXP Bl kam TI255 A5 man
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Tahde 3. Sudace U008 and X000 mean datstcs for b, s encdard error and EMSE af all s lsomns and the standerd devaation af inder-stasicm
satisics (in brackeds and bald phase) from the highes and lowest resaluon smmo o, e, Qkme-EXP and o EX P res peofively, Adl the
SFC Oy el wsed m Jamuary and July ane Isted m Tabs 51 and 527 dhe TOOON sttions used m the KO0 sdalntos ane hxted m Tabs
53 and 54

INET=T Periad Temiparal Biax ST Derrar RMEE
Resalwion Qhm-EXF Bm-EXFP Qhm-EXF AEm-EXFP Seme EXFP - EXP
Hourly mean (. {25} 1.73 (4.7} 270{2.25) ITR (AN 321 (L66) 494 (544}
SFC D, Jamuary Daily muzan 006 (L35) 1. 76 (4T} | L6143 259121 | 2AZ(LIT) 4 08 (A8
Daaty man 030 (L48y  0a2 {24y 141104 152 {138 187 {13% 259 {218}
Dadly max 02 (4. 43) 206 (T.52) F68 (AN 473 (456 47T (&A1) O
Heurly mean 96 {5.T6) 267 (%6dy G700 6d) Q64 (193] TA0 (KT 115G (1415,
ST OO July Daaly mean L14{6.55) 2R (9.8 | 4118 (5. 46) 552 {83 | 591 {744) B.55 (1138
Daly min 1480417 (186 (4. K2y T4 40 211 (ATd) 487 (5346) 559 (4.53)
Daaly max (L2 (1AM} 5007 (235 | 91001090y 1220(1857) | 1322 {15.71) 1947 (26ddp
Hourly mean 029 (LT} O35 (0.92) | (058 {0.26) (169 (LS d) 102 (A7) 1,12 (6% )
Dadly mezan (151 {ILTT) (38 (0.9% | 047 {023 (158 (IL4%) 197 jiLdih 168 (lhRY )
Xl Jamary | |
Dby mam (0 1A% (.75 (L 183 092 {050) 1003 (L6l 136 (ILET) 153(01.40
Dadly max 160 (L) 149¢1.23) LT T) L1353 (81 Lo (L1 211 {1.15)
Hourly mean 1Ek1 {74 10 (IL92 ) (L7 1 {032} (174 {IL2%) 128 (ILST) 135 (A3 )
. Daily muzam 99 (.7 T) 1A15 (L5 (156 (1.25) (159 (IL2T) L18 (iS5 6) 125 (il )
A Tuly sty man 2094 1.0% 215 (L8 | 105 {(l6T) 107 (LGS, | 237 (LN 246 (106

Draaly max (LK (LA ) QOT(123) | 092(045) (LET (lLd5)y 121 (L5 6) 1,15 qlr46 )
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pamizl.
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Table Al Continuous in siu stations (surface and wowen) used 1o evaliae synoptic varability, NeA denostes meference o

available, The Pull names For the abbreviations of the network erpanizations are provided in Tab, A2,

Stationm  Lat/Lon Alttude  Imtake MNetwork Rl vence Type
I [degroe ] [masl]  helght

| meagl |
ali B2 ASNM2SIW 200 1 ECCC Wonthy et al. {20(3) remie
brw TLI2M/-156.61 I 16 KAA Pieterson e al. {1986) coarlal
chy S00IM10505W 35 12 ECCC Wi comlinental
inu GEIINAZISEIW LIS 1 ECOC Worthy et al. {20603 comntine ntal
pal GLTHI2A02E 560 5 FM Hatakka e al. {2003) comline ntal
bk G2 REOMSL1E0SW 179 il ECOC Kid comnlinental
chl SR TANMGDTW 29 il ECCC Winthy et al. {20030 coarlal
1] FAMENI2A5W 540 10 ECCC Winnthy et al. {2003) comlinental
el FA3ANSIMOEW 492 105 ECOCC Wionthy et al. {2003) comlinental
mhd F33ANM W 5 M LaCE Paamonet et al. {20100 coalal
W S2O5NSLLIZE 20 1 LEA Wilson (2013} coanial
Cis S1.9TNM 93E -1 20 ECH Vermeulen ¢ al. (2001 Coantineital
el SLGGMA 021w R 3 ECOC Worthy et al. {20603 comntine ntal
fad A9 BEMMRLSTW 210 A ECOCC Wionthy et al. {2003) comlinental
s A9 BINTASEY 3R] 8 ECCC Wonthy et al., {20(3) continental
ety A9 38N 2654w Y A0 ECCC Winthy et al. {20030 coalal
ks 49 . 25N/ 19 98E | G 5 AGH Fuozanski et al. (2003, 2004) muniain
szl AT M A2E 1205 12 UBA-SCHAL  Schmidi el al. {2003) muniain
hun A6 BN 1665E 248 115 HRS Haszpra et al. (20601 comlinental
if A6 55N HE 35T0 1 ERPA Schibig et al. {2015 msuniain
lel A5 95NM02TW 472 L MNOAA Andrews et al. {2000 Coantineital
puy A5. TTNI2TE 1465 i LSCE Lopez et al. {201 5) mstain
ami A5 DAMGR GEW 53 1y MOAA Amdrews et al {2000 comntine ntal
ceh AL ENTTEW 25] 3 ECCC Wionthy et al. {2003) comline ntal
Wad A3 93NN 5 25 ECCC Wonthy et al. {20(3) remie
vac A2 BENA2 W [ (i 20 Climalyal Mospul et al. {2003 Main
ipd A2 HIMBNSEW 23l 35 ECOC Worthy et al. {20603 cannting ntal

Continued on nesi page
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Statlon  Lat/Lon Althude  Intake Metwork R le remce Type
I [deg] [masl]  heght

| measl]
iz A0 TANATGE 1 1 Climalea Morgul etal. {2003 cassdal
hdp ADEGMILLGSW  335] 1.7 KCAR Stephens etal. (2001 mtain
apl ADASHIIGETIW 3210 .1 RCAR Stephens etal. (301 1) msunain
gic AN ASNIS IBW 14386 2 Climalyai Mospul et al. {2013 muniain
W ADDANS 10559 3523 35 KCAR Stephens etal. {2011 M
Treani ADLDEMS 105 0W 1584 gl WAA Aundrews eial {2010 comlinental
i FL0ANAALE2E 260 20 IMA Tawisuwmi e al. (206057 cowadal
ang JRGINITRISW I (W 17 MOAA Andrews et al. (2000 muntain
W BTN AT A83 MNOAA Andrews et al. {2000 curial
agc 36 TOMSE 38W 850 20 Climalea Mosgul etal. {20013 cannting ntal
il A3 AIMELBIW 115 305 MOAA Amdrews et al {2000 comntine ntal
whki JLIITNAT 33W 251 457 MM Amdrews et al {20005 contine nial
) BAINIGANY 2373 13 AEMET Cromez-Pelaez and Bames (2001 mountain
yisi 2 ATNA2E302E 30 20 IMaA Tawtsumi et al. (2005) Cudrilal
LT MMENASIME B 20 IMA Tauwisuwmi et al. {20605 remsle
il 19 54M-155.58 3397 A MOAA Thoning et al. | 1989 muniain
ET 14255 [T0.56 42 1 MM Halier et al { 1968 remsle
ol 3435518 49E 230 30 SAWE Brunke a al. {20d1) coanial
Allis T R0STT SAE 55 20 LECE Craudry ctal { 1901 Femle
Con ADERSSA4.69E . 0 CEIRD Francey e al. { 2003) coanlal
e 5508158 ME 6 1 CSIR Staven etal {2018) remsle
iy GO S I0E2E . A7 7 CEIR Loh et al. {2017 remoli
E H0.01 539 539E 14 # TU Kid remode
ETL) R QRS- 24 R e i i MNOAA Conway and Thoning { 1'95H0) Femle
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JAK A
WA
NIES
MW A
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MOAMA
EAWE
T

IR A-BCHAL
Rremen-1LIF
LIEA
LIHEL-ILTF
LI

IR
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Raval Belgmn Institule for Space Acronomy, Bruselk, Belgium

Califorma Institute of Technakgy

Land, stmesiphere and Cceans Laboratory afthe Imstind Catab de Créncies del Clima (2301 06200 &i;
al Inssd de Cidncia il Tecmokgia Ambentals, Universdlal Aatémoma de Barcelom (since 2007
Commemwealih Scentilic and Incusdnal Reswarch Orgamzation, (oeans & Almesphere
Enviremmenl an Climae Chan ge Canada

Emnergy Research Centne af the Netherlnds

Swis Paderal Laboratories for Matkeniak Scence and Technakgy

Finizh Metearalagical It

Humgarian Metesrakmcal Service

Karkmhe stk af Technokgy

Laboraaime des Science du Climad et de 1"Enviromiemeni

Max Planck Instituie for Bogeachemasry

Maticmal Aercmantics and Space Adman xiratxim

Japan Aerospace Explration Agency

Japan Metearalagical Agency

Maticmal Instdule for Envimonmental Studies
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Maticmal Center For Atmasphenc Research
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Sawth Adncan Weather Servce

Tohalu Universaly
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Insdwe of Fovironmenital Physdcs, Universdl Bremen

Ulmiversty of Eaxt Anglia
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Farlaube 49 W AL E 116 33 ail KIT Hhaeam et al. (200 £

o leare ] AT AT WLIIYE 130 iy 16 TIBnemen-ILIF Warneke ef al. (2014
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Fignure 57. Manihdy mean 2000 | ppm | al the sucfoe Trom Ykm-EX P (ab) and Sk EXP dcdp simulations over Morth Americaal
14 U0C i Jamaary el paelsp aned July {right pamnebh. Vahes Biger than 399 ppan and 8080 ppon in winder and sanim er vespectively
are shawn in hrowi
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Fignire 8. Difference in near-surface OO RMSE |ppm) between highest and knwesd resohufion amulations (9kme-EXP - SEmEXP) m (a)
Jamary and (b July at surface ations. Triang ks indicate an RMSE reduction dhlue caloursh and circkes an RMSE morease (red cokours )

a5 shewm by the calour bar, Mounlam regions with elevation > 1EK m above sea level ane shaded in grey. The datisics for each saton ane
lided Tabs 51 and 52 for January and July respeciiaely.
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Fignire 5% Difference in X000 RMSE [ppm) between highesit and lowed resalwion simulations (9om-EXP - Sm-EX Pjin (a) January
and (b July ol TOOOM sations. Moumam regions with elevation = 1000 maboye sea leve] ane shaded m grey. The stmfics Tor cach satiom
are Ixied Tabs 55 and 52 for January and July nespeciiveby.
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Figure 1L Madelled X000k [ppm] from (o) 8o EXF and (b ) Qo EXP smmubtioms at the TOOON s of Pasadena (Tab A3 ) repending
o ek pheric transpont and Huxes {solid me) and (o only atmesphenc ranspon {cash ine). The 000k enhancement esociaked with the

chifferent Huxes is calomunad inpurple (fer anthropagenic emasaons), yelkny (e biogemic emassons) and rad (for linesh
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Figure 51 1L Same ax Fig. 77 in July.
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Figure $12. Modelled atmes phenc OO0y pralile [ppmi] showang 137 mede] kevek ol Peadena from the 9-lom resalution simalation and dhe
Hl-km resohtion amulation. The horeomal black Ime shenws the lewe] approsimat:]y cmrespancing so 1000 m aboye the surface. In winlez
the ligh OOy values are trapped below 1000 mm the boamchry byer, excepl kr cenlam synoplic episodes where bouncary layer is ventilated
a5 weem by high values (lamger than 220 ppan  crossimg the 1000 m ine. Whale in summer the sea breeee cnou ltion veniiluies the boandary

byer ona daly bases.
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Table 51: January statistics of simospheric OO [ppm] from ®m-EXP and 80km-EXP simulations with respact o continuous
in st stations {surface and toewern). The differences between the two sinulations (Fhm-EX P — 80km-EX P) are shown in the

last three columns., The lecation and reference of cach sation can be found in Tah Al

Station Bias Bias STDE STDE RMSE RMSE N ASTDE A lRiasl A RMSE
MNP AlsENP  MAmENP AEmENP  WeEXP SsEXP data
ali 214 -2 i Ll 0.l N 218 &9 00S DELE ] (.05
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il ST 017 1.53 (| | GR 172 005 0.5 .17 -kl
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WD ST ] 3. 3.3 33l 326 92 s {02 (.05
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Comtinuwed on et page

0l



Table 51 — coatlnwed leom previows page

Station Klas Hias STDE STDE RMSE RMSE N ASTDE  AlBlasl A REMSE
WP AlAmENP  AmENP  AEmENP  EsENP S0sEXP data
il [ 1 B P 142 7.3l 1595 042 S8R 370 A.11 5.53
hadp A% 1683 273 10.25 3.1 1971 GhE -15.35 -1.52 - 1]
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Table 52: July statistics of atmespheric OO [ppm] fom Sm-EXP and $km- EXP sinulations with resapact 1o continuous in
silu stations {surface and tewer), The differences between the two simulations (Skm-EXP — 80km-EXP) are shown in the last
three colimns. The location and reference of each station can be found in Tab. Al

Statiomn Bias Bias STDE STDE RMSE RMSE N ASTDE  AlBasl A RMSE
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Continued on mexi page




Table 52 — coutlnwed feom previous page

Station Eilas Hias STDE STDRE RMSE RMSE N ASTDE  AlBasl A RMSE
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Table 53: Januany statistics of X000 [ppm) fom 9m- EXP and 80km-EXP sinulations with respact to TOCON aations. The
dif ferences between the two simulations {¥m-EXP — 80km-EXP) are shown in the last theee columns. The location of the
station and the ir associated neference ame providod in Tab A3,
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Table 51 uly statistics of X000 [ppm] from Skm-EXP and 80km- EXP simulations with resapect so TOCON sttions. The
dif ferences between the two simulations {¥m-EXP — 80km-EXP) are shown in the last theee columns. The location of the
station and theirassociated DO0 are provided in Tak A3,

Stat b Bias Bias STDE STDE RMSE RMSE N ASTDE A lRiasd A RMSE
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