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Abstract. Ensemble climate model simulations used for boundary layer in the higher latitudes. Using the monthly av-
the Intergovernmental Panel on Climate Change (IPCC) aserage of temperature and water vapour operators lead to large
sessments have become important tools for exploring the rebiases over the boundary layer in the southern-hemispheric
sponse of the Earth System to changes in anthropogenic arfiigher latitudes and in the upper troposphere, respectively.
natural forcings. The systematic evaluation of these modeldJp to 8 % bias was calculated in the upper troposphere wa-
through global satellite observations is a critical step in as-ter vapour due to monthly-mean operators, which may im-
sessing the uncertainty of climate change projections. Thigact the detection of water vapour feedback in response to
paper presents the technical steps required for using nadglobal warming. Our results reveal the importance of using
sun-synchronous infrared satellite observations for multi-the averaging kernel and the a priori profiles to account for
model evaluation and the uncertainties associated with eacthe limited vertical resolution and clouds of a nadir obser-
step. This is motivated by need to use satellite observationsation during model application. Neglecting the observation
to evaluate climate models. We quantified the implicationsoperators resulted in large biases, which are more than 60 %
of the effect of satellite orbit and spatial coverage, the effectfor ozone,+30 % for carbon monoxide, and range between
of variations in vertical sensitivity as quantified by the obser- —1.5K and 5K for atmospheric temperature, and between
vation operator and the impact of averaging the operators for-60 % and 100 % for water vapour.
use with monthly-mean model output. We calculated these
biases in ozone, carbon monoxide, atmospheric temperature
and water vapour by using the output from two global chem- )
istry climate models (ECHAM5-MOZ and GISS-PUCCINI) 1 Introduction
and the observations from the Tropospheric Emission Spec- ) . ) )
trometer (TES) instrument on board the NASA-Aura satellite 1€ €nsemble climate model simulations have become im-
from January 2005 to December 2008. portant tools_ for exploring th_e response of the _earth system
The results show that sampling and monthly averaging off0 changes in anthropogenic and natural forcings. In the
the observation operators produce zonal-mean biases of led@St three decades, there have been large volume of global
than+3% for 0zone and carbon monoxide throughout the Stellite observations of atmospheric specisiiman et
entire troposphere in both models. Water vapour samplingil» 2008 and references therein) that have become avail-
zonal-mean biases were also within the insignificant range?P!e- These observations data are useful for the evalua-
of £3 % (that is+0.14 g kg %) in both models. Sampling led tion of numerical models (e.g. s€koden and Bretherton

to a temperature zonal-mean biasted.3 K over the tropical 1994 Allen et al, 2004 Chin et al, 2004 Aghedo et al.
and mid-latitudes in both models, and upta.4K over the 201} Bodas-Salcedo et al2011), contribute to the under-
standing of processes controlling the distribution of trace

species (e.gKlein and Jakob et 31.1999 Voulgarakis et

Correspondence toA. M. Aghedo al., 2011, Bodas-Salcedo et al2011), and to constrain ra-
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(adetutu.aghedo@gmail.com) diative forcing calculations through the use of, for example,
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observationally derived instantaneous radiative forcing ker-This approach has also been applied to model evaluation and

nels (e.g. seAghedo et al.2011, Worden et al.2011). assimilation with TES data (e.dones et al.2003 Parring-
However, the observational data that can be used for moddbn et al, 2008 Jones et al2009 Worden et al.2009 Nas-

evaluation, for example, in the framework of international sar et al,2011). We present the data in Se2fthe technique

projects, such as the Climate Model Intercomparison Projecfor the application of nadir satellite to model evaluation in

(CMIP) and Atmospheric Chemistry and Climate Model In- Sect.3. Sections4 to 6 discuss the influence of orbital sam-

tercomparison Project (ACC-MIShindell et al. 2009 es-  pling, monthly averaging, and application of satellite opera-

pecially towards the fifth assessment report of the Intergov-+ors, respectively. The conclusions are provided in Séct.

ernmental Panel of Climate Change (IPCC ARS5), will need

to be provided in a format that are quantitatively comparable

with model output in terms of horizontal, vertical and tem- 2 The data

poral resolution, and data frequency (for exampleBedas-

Salcedo et a).2011). The goal of presenting satellite obser- 2.1 Model outputs

vations in a way comparable to numerical model simulations

require several technical steps. The steps include the asses31.1 The ECHAM5-MOZ model output

ment of:

— the adequancy of limited spatial and temporal resolution?rhe ECHAMS-MOZ @gheda 2007 Aghedo et al.2007)

of observations taken by nadir sounders to represent this @ tropospheric chemistry climate model containing the tro-

. L . pospheric chemistry of MOZART2.Hprowitz et al, 2003,
magnitude and variability of specielsi(o et al, 2009, which is fully embedded in the general circulation model

— the impact of averaging observations to model horizon-ECHAMS5 (Roeckner et a).2003. The setup used in this

tal and temporal resolution, and paper has an horizontal resolution of 2latitude by 2.8
) i ) longitude (T42), and 31 hybrid sigma-pressure vertical lev-

— the ',”“!Jence OT observathn operatqr, Wh'ch account forels, from the surface to 10 hPa. The model temperature, vor-

t_he limited vertical resolution of nadir satellite observa- ticity, divergence, and surface pressure were constrained to-
tions. wards the operational forecast data of the European Centre

Each of these steps presents different challenge and intrdor Medium Range Weather Forecast (ECMWF) through the
duces uncertainties that need to be quantified @ager et  nudging techniqueJeuken et a].1996. We use the model
al.,, 2010. For examplelLuo et al.(2002 used GEOS-Chem output from January 2005 to December 2008, after an eigh-
model output to show that the interpolated daily global mapsteen months spin-up.
generated from the TES synthetic data (sampled from the The tropospheric chemistry of MOZART 2.4 includes re-
original model time series) were comparable to the originalactions involving NQ-HOx-Ox-CO-CH, and other hydro-
daily-mean model output, within a spatial error that is lesscarbons, including oxygenated hydrocarbons. The heteroge-
than 10 % in more than 70 % cases for ozone, and less thanous reaction of NOs on sulphate aerosols are also included.
20 % for 80 %—90 % of the cases for CO. In particular the The model includes both dry and wet deposition, which are
possibility of averaging the observational data on a monthly-formulated according té&anzeveld(2001) and Stier et al.
mean time scale, will facilitate the comparison of model (2009, respectively. The upper boundary concentrations for
monthly-mean to observation monthly-mean, and reducedzone, NQ, HNOs, and NOs were fixed at the top levels
the effort required in data exchange and the cost of storinghigher than 30 hPa in the model, and are prescribed based on
model time-series. This is of interest for the CMIP5 and climatological zonal- and monthly-mean values described in
ACC-MIP activities, where modelling groups prefer to pro- Horowitz et al.(2003. The concentrations above the model
vide monthly-mean model output to specified data archives.tropopause are relaxed towards these climatological values

This paper quantifies the uncertainties listed above forwith a constant relaxation time of 10 days. The photoly-
ozone, carbon monoxide (CO), atmospheric temperature andis rates are derived from tabulated values from the Tropo-
water vapour by using two global chemistry climate mod- spheric Ultraviolet and Visible radiation modéfié&dronich
els (ECHAM5-MOZ and GISS-PUCCINI model), and data and Flocke1999, with an update for Q) from the photol-
from the NASA-Aura Tropospheric Emission Spectrometer ysis of ozone as describedHktorowitz et al.(2003. The full
(TES). The optimal estimation approach used in the op-chemical scheme in the ECHAM5-MOZ model contains 168
erational TES retrieval algorithm provides a step-by-stepchemical reactions and 63 transported species. We use the
methodology on data validation. This methodology has beeranthropogenic and biomass burning emissions of year 2000,
demonstrated in several publications on the evaluation ofvhich are created during the REanalysis of the TROpo-
TES ozone\Worden et al.2007 Richards et aJ2008 Oster-  spheric chemical composition over the past 40yr (RETRO)
man et al.2008 Nassar et al2008, carbon monoxidel{uo project Schultz et al.2007). Lightning NO, and vegetation
etal, 2007 Ho et al, 2009, atmospheric temperaturBlfep-  emissions are calculated interactively within the model based
hard et al.20083 and water vapoutShephard et 3120081). on the parameterisation Grewe et al(2001) and the Model

Atmos. Chem. Phys., 11, 6498514 2011 www.atmos-chem-phys.net/11/6493/2011/



A. M. Aghedo et al.: Satellite observations for model evaluation 6495

of Emissions of Gases and Aerosols from Nature (MEGAN, rithm that minimizes the difference between observed radi-
Guenther et a.2006, respectively. This lightning parame- ances and those calculated with a Radiative Transfer Model,
terization produces about 6.7 Tg(N)yrof NO, emissions.  subject to the condition that the solution is consistent with an
a priori description of the atmosphefeqdgers2000 Bow-
2.1.2 The GISS-PUCCINI model output man et al. 2002 2006§. TES provides the vertical profiles
of tropospheric ozone, carbon monoxide, water vapour and
The model GISS-PUCCINI consists of the model for Physi- atmospheric temperature on a global scale. The analysis pre-
cal Understanding of Composition-Climate INteractions andsented in this paper employs version 4 of TES data from the
Impacts (PUCCINI) §hindell et al. 20068, which is fully standard global survey mode collected from January 2005 to
embedded in the GISS climate mod8thmidt et al.2006. December 2008. The global survey mode includes both day-
The model contains both tropospheric and stratospheritcime and nighttime measurements which crosses the equator
chemistry. The model was run at ftitude by 2.5 lon- at about 01:45a.m. and 01:45 p.m. local time.
gitude Cartesian horizontal resolution, with increased effec- The retrieved profilet of an atmospheric trace species is
tive resolution for tracers by carrying higher order momentsan estimate of the true atmospheric profil@nd it can be
at each grid box. This configuration has 40 vertical hybrid expressed as:
sigma layers from the surface to 0.1 hPaBQ km). Simu-
lations were performed using observed sea-surface tempef =x“+A(x —x“) +¢ (1)
atures Rayner et al.2003 and linear relaxation of winds ) o i ) .
toward NCEP/NCAR reanalysi&élnay et al, 199. We wherex? is the a priori profileA is the averaging kernel ma-

use the GISS-PUCCINI model output from January 2005 totrix, € is the observational error, whose covariance account
December 2008. for the random and systematic errors and errors associated

with joint retrieval of dependent statéd/¢rden et al.2004).
The profilest,, x andx are expressed as natural logarithm of

aldehydes, alkenes, paraffins, and other hydrocarbons. Tht(-t“e volume mixing ratio for ozone, (_:arbon monoxide and wa-
lumped hydrocarbon family scheme was derived from thet€r vapour, whereas for atmospheric temperature, they are ex-

Carbon Bond Mechanism-&gry et al, 1989 and from the pressed in Kelvin. TES profiles have 67 vertical levels from

more extensive Regional Atmospheric Chemistry Model, fol- the surface to 0.01hPa, with varying layer thickness in the

lowing Houweling et al(1998. The stratospheric chemistry boundary layer following the orography. These 67 vert!ca}l
includes chlorine- and bromine-containing compounds, and€Vels are a subset of the pressure levels of the TES radiative

CFC and NO source gases. The main additions to the pre-tranSfer forward modelGlough et al. 2002).

vious versions are the addition of acetone to the hydrocar-
bons foIIowm.gHouweImg et al(1999, polar stratospheric .3 The technique for comparing nadir satellite data to
cloud formation now depends upon the abundance of ni-

. . model output
tric acid, water vapor and temperatukéafson and Mauers-

berger 1988, gnd the addition of a reaction pathway for 5 . mber of steps are required to ensure consistent compar-
HO2 +NO to yield HNG; (Butkovskaya et al.2007). Pho-  isqn hetween a nadir infrared satellite observation (such as

tolysis rates are calculated using the Fast-J2 schéian ( TES) and numerical models due to the differences in hor-
and Prather2002), whereas other chemical reaction rate Co- j, o) vertical and temporal resolutions between observa-
eff|C|ent§ are fronSandgr etal2000. Tracer ransport Uses o an the models. The steps include extracting co-located
a non-diffusive quadratic upstream scherReather 198. spatial and temporal points from models by sampling, inter-

The full scheme includes 156 chemical reactions among 50, |ating the extracted points along the vertical dimension to
species. Year 2000 emissions were used from the datasglaich the pressure levels of observation, and adjusting the
assembled for the IPCC fifth assessment report simulationgy i, cteq and the interpolated model points with the a priori

(Lamarque et a/2010. and the averaging kernel profiles (jointly referred to as obser-
vation operator) to account for limited vertical resolution of
observations and cloud&ylawik et al, 2006. These steps

. - . . can be represented by a relation analogous to ven
The Tropospheric Emission Spectrometer (TES) is an 'n'by' P y g Baot

frared, high-resolution (0.1 cm), Fourier Transform spec-
trometer covering the spectral range from 650 to 3050cm  gm _ ,a +A; (xI —x9) 2

and an average nadir footprint of about 5km by 8 ldedr f b

et al, 200). TES operates in a polar sun-synchronous or-where the subscriptdenote the time-varying horizontal lo-

bit with a repeat cycle of 16 days. The spectral radiancesation (i.e. latitude, longitude and time of sampling), and
measured by TES are used to retrieve the atmospheric prads the natural logarithm of the volume mixing ratio for atmo-
files of trace species through a non-linear optimization algo-spheric trace species such as ozone, carbon monoxide and

Tropospheric chemistry includes basic NBOy-Ox-CO-
CH4 chemistry as well as PAN, isoprene, alkyl nitrates,

2.2 TES satellite data
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water vapour, while for atmospheric temperaturées the ex-

act amount in Kelvin. We use the notatigff to denote the
volume mixing ratio of the model trace species (i.e. ozone,
carbon monoxide and water vapour) derived from E), (
where:

7 =exp(") )
For atmospheric temperature:

Yi :flf" (4)

Subsequently, we will usg” to denote the raw model output,
y™ to denote the sampled model output, ayftlto denote
the sampled model output containing the application of TES
operators according to Eq®)(@nd @ or 4).

The execution of the steps leading to E@) (equires
model output time-series. However, most modelling groups

submit only monthly-mean model output to the various g6 measurement points in FBis due to the 26-h global
archives setup for the IPCC assessment report. Archivin%urvey mode sampling by TES.

only monthly-mean output from models is necessary to re- We denote the monthly-mean of original raw model time-
duce data volume and storage cost. In such case, we need {Q iog at a particular grid-bog, as:
quantify the limitations of such monthly-mean observational '

Fig. 1. An example of the nadir orbit of Tropospheric Emission
Spectrometer for a particular global survey.

data, including the influence of the monthly averaging ofthe__ 1 N ,
averaging kernel matrix. In particular we quantify the uncer- yi= N (J’i) (5)
tainty introduced through: (1) orbital sampling (2) monthly i=1

averaging, and (3) application of satellite operators. QuanwhereN is the total number of model points belonging to a
tifying these uncertainties have an implication and providegrid box, which is equal to the number of model time steps in
useful insight for the general application of space-based data month. Note that for the 3-hourly model output we uséd,
to model evaluation. is the same for all model grid-box, and it is equal to 8 times
the number of days in the month. In a like manner, we also
define the monthly-mean of the sampled model output as:
4 The influence of orbital sampling
nG
We investigate the bias introduced by sampling the data alond;'n = nG Z (y;n) (6)
the nadir sun-synchronous orbit (see the example of TES or- i=1
bit for a particular global survey in Fid) in this section. For  whereng is the total number of sampled points belonging
this purpose, we use the 3-hourly output from the ECHAMS5- the grid G. For a 30-day monthy is as shown in Fig2.

MOZ and GISS-PUCCINI models. Note thatng is a subset ofV and is such thatg; < N as
shown in the example presented in R3g.
4.1 Without data screening We therefore denote the absolute bias due to sampling by

Sg, quantified as:
We use TES maximum throughput spatio-temporal infor-

mation to extract the co-located points from the 3-hourly Sc =W—y_§ (7)

model output. In using the TES maximum throughput, we . .
assumed every measurement performed by TES has a gocf‘ d the percentage error due to sampliSg is also quan

retrieval quality. This assumption ensures that the calcula-’ led as:
tion of the sampling bias has a general application to nadir yr—yr

> : Pg =2 —"1 x100% €
sun-synchronous satellite instrument and is not affected b)ﬁ G="——

TES retrieval quality. We binned the extracted co-located i

points back to the model original grids for comparison. In  Figure3 shows the model 3-hourly (i.e. raw) time-series at
a 30-day month, TES maximum throughput contains abouigrid-pointG corresponding to ZCE longitude and 18S lat-
51537 individual nadir samplings. FiguBeshows the dis- itude in the month of July of 2005-2008 (see the grey lines).
tribution of the samplings binned to the ECHAM5-MOZ and The figure also shows the sampled points from the time-
GISS-PUCCINI grids of T42 and 2% 2 respectively, for  series using TES spatio-temporal information as black sym-
a 30-day month. The visible bell-shaped pattern containingools for each year. We show the comparison of the sampled

Atmos. Chem. Phys., 11, 6498514 2011 www.atmos-chem-phys.net/11/6493/2011/
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TES maximum throughput for 30days on T42 grid TES maximum throughput for 30days on 2.5x2 grid
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Fig. 2. The distribution of the maximum throughput of a nadir sun-synchronous sampling binned to the ECHAM5-MOZ and GISS-PUCCINI
model grids of T42 and 2.5 2 respectively, in a 30-day month.

and the raw model time-series at the 550 hPa pressure levapectively. The 4-yr mean bias between the sampled and
in the ECHAM5-MOZ model (left column) and at 562 hPa the raw model time-series is only 2.6 ppbv1.6 ppbv) for
pressure level in the GISS-PUCCINI model (right column) ozone, 4.8 ppbv-{4.3 ppbv) for CO, 0.7 K (0.2 K) for tem-

for ozone (first row), carbon monoxide (second row), at- perature, and 0.02 gkg (—0.06 g kg't) for water vapour in
mospheric temperature (third row) and water vapour (fourththe ECHAM5-MOZ (and GISS-PUCCINI) model, indicat-
row). The grey and the black symbols shown on the far righting the suitability of TES in capturing decadal variability.
of the plot represent the monthly-mean of raw model time-The standard error of the 4-yr mean of the sampled series
series (grey) and the sampled points (black), and their correEq. 9) are an order of magnitude larger than those of the
sponding standard error of the meafean Which is defined  corresponding raw model output (Et) (see the fourth and

as: the fifth columns of Tabl&). For example, the standard error
o of the mean in the sampled ozone from the ECHAM5-MOZ

Omean= N 9) model is 2.23, while the standard error of the mean in the raw
o model series is only 0.26.

Omean= i (10) Figures4a and 4b show the percentage and absolute er-

ror, respectively due to sampling in the ECHAM5-MOZ

whereo is the standard deviation, and the superscriptsidd  (left column) and GISS-PUCCINI (right column) ozone (first
r denote the sampled and the raw model time-series respe¢ew), carbon monoxide (second row), atmospheric tempera-
tively. We calculated the standard error of the mean by divid-ture (third row) and water vapour (fourth row). The zonal-
ing the standard deviation of the points with the total numbermean errors are calculated by summing up the absolute errors
of points. and dividing by the total number of points in the latitudinal

Figure 3 shows that sampling along TES nadir sun- zone at each level. The first row of Fig&a and 4b show
synchronous orbit can adequately capture the magnitude ahat the bias due to sampling is betweeh% (41 ppbv) for
observed concentration on a monthly-mean time-scale (aszone over most of the troposphere in both models. Over
shown in the second and third columns of Tale de- limited region within the boundary layer, and at the upper
spite its limited number of sampling in a month (as showntroposphere and lower stratosphere (UTLS), the sampling
in Fig. 3). Table1 shows the range of differences between bias in ozone could be up th2 % (—8 ppbv to 6 ppbv) in
the mean of the sampled and the raw model time-serie€ECHAM5-MOZ model andt2.5 % (maximumt8 ppbv) in
from the ECHAM5-MOZ (and the GISS-PUCCINI) model the GISS-PUCCINI model. The second row of Figa
in the individual year on the second and third columns, re-and4b also show that the sampling bias for carbon monox-
spectively. The bias between the sampled and raw modede is generally less thatt1.2 % (less thant1.2 ppbv over
timeseries ranges from 0.1-6 ppbv(.7 to —3 ppbv) for  the entire free troposphere, and could vary betweippbv
ozone,—3.4 to 24 ppbv {12 to 10 ppbv) for CO, 0.05-1.6 K to 5 ppbv within the boundary layer) in both models. These
(0.5 to 0.7K) for temperature, and0.07 to 0.2gkg? biases are less than the errors calculatetuiyet al.(2002
(—0.1 to 0.2 gkg?) for water vapour in the two models re- due to our longer time-averages. These results show that the

www.atmos-chem-phys.net/11/6493/2011/ Atmos. Chem. Phys., 11, 68932011
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Fig. 3. The time-series of model output at longitude Fand latitude 18S in July 2005-2008 (grey lines). The points sampled along the

model time-series using TES spatio-temporal information is shown in Black symbols (diamonds, triangle, inverted triangle and squares) for
each respective year. The ECHAM5-MOZ and the GISS-PUCCINI models are shown on the left and the right columns respectively. The
grey and the black symbols shown on the far right of the plot are the mean of original time-series (grey) and the sampled points (black).

On each of the mean values, we show the standard error of the mean as defined 9 &us ((0) for sampled and raw model time-series

respectively.

Atmos. Chem. Phys., 11, 6498514 2011

www.atmos-chem-phys.net/11/6493/2011/



A. M. Aghedo et al.: Satellite observations for model evaluation

100ECHAM5—MOZ O3 SAMP [%] 2005--2008 mean
= . i

H | 1M 25
200 - Mo
300 | 1 15
[ 7] 1.0
= 400 I -
& b 1| |os
= 500 - 1| |o.0
<4 L 1
2 600 I H -0.5
3 L 1l |-10
& 700 | 1] 15
800 _ -2.0
b {25
900 | 1 -3.0
[ g _ M -3s
10004 -60 -30 o 30 60 0
Latitude [degrees N]
10(l)ECHAMS—MOZ CO SAMP [%] 2005--2008 mean
RENY | i i
200 - Mo
300 | 4 0.8
r 11 0.6
= 400 - -
a r 1 0.4
= 500 - 1l |o.2
<4 L 1
2 600 | f |00
g [ 1l |-0.2
o 700 q -0.4
800 — — 0.6
b — 0.8
900 | 1 | ” 11 -1.0
[ WY oL MO NNy 12
1000 g5 -60 -30 0 30 60 90

Latitude [degrees N]

ECl(I)-g)AMS-MOZ ATM-TEMP SAMP [%] 2005--2008 mean

r 1/ 0.20
200 |- M o.is
300 | 1 0.10
r 11 0.05
= 400 - -
& t 1| |o.00
= 500 1 -0.05
@ L i
5 -0.10
2 600 - -
8 L 1l |-0.15
& 700 ¢ 1 -0.20
800 - — -0.30
t 1 -0.40
900 / 1| -0.50
[ |1l -0.60
1000.g5 60 30 0 30 60 90
Latitude [degrees N]
ECHAMS5-MOZ H20 SAMP [%] 2005--2008 mean
100 —
r il B
200 |- -
L . 1 4
300 | ]
L 1 3
= 400 I -1 |2
= L ,
<. 500 | 1f |1
o L i
% 600 - ’ 41 |°
2 r -1
& 700 1
L 1B -2
800 M
900 | i ™
[ | | _/l s
100095 -60 -30 o 30 60 0

Latitude [degrees N]

Fig. 4a. The 2005-2008 monthly-mean zonal average of the percentage error introduced by sampling in the ECHAM5-MOZ (left column)
and GISS-PUCCINI (right column) models. The influence of sampling on ozone, carbon monoxide, atmospheric temperature and water

GISS-PUCCI
100 —

6499

NI O3 SAMP [%] 2005--2008 mean

] ' ' ‘ 125
200 |- M 20
300 1 1.5
r 1 1.0

= 400 - 2
& 8 1l |os
= 500 1| |o.0

= L 1
2 600 |- f |05
3 L 11 |-1.0
8 700 | 1k -15
800 — 2.0
8 {25
900 1 1 -3.0
[ | ! _ /i35

10004 -60 -30 () 30 60 0

Latitude [degrees N]
GISS-PUCCINI CO SAMP [%] 2005--2008 mean
100 . ‘

F 12
200 |- M 10
300 1 o.8
r 1106

= 400 - 2
[aw r 1 0.4
= 500 1| |o.2

=4 L 1
2 600 | f |00
8 L 1l |-0.2
S 700 ‘ 1 -0.4
800 L @ -0.6
8 {| 0.8
900 1 -1.0
[ b Il /12

100095 - 30 60 9

Latitude [degrees N]

GISS-PUCCINI ATM-TEMP SAMP [%] 2005--2008 mean

100 —

i I
F I 1/ 0.20
200 - 1M o.1s
300 1 0.10
r 11 0.0
= 400 - 2
& 8 1| |o.00
= 500 1 -0.05
[ L 1
5 ‘ -0.10
2 600 B
<33 L J -0.15
o 700 1 -0.20
800 | -0.30
t {8l -0.40
900 { M 050
I A /il 0.60
1000.g5 60 30 0 30 60 90
Latitude [degrees N]
lO%ISS—PUCCINI H20 SAMP [%] 2005--2008 mean
O] 0.
200 | B
8 1 4
300 1
L 1 3
= 400 - A1 |2
= L ]
= 500 | 11 |1
< L 1
z 600 [ 41 [°
4] b AINE]
& 700 + 1
L 18] -2
800 M s
1000, : I LM
.90 -60 -30 0 30 60 S0

vapour are shown on the first, second, third and fourth rows respectively.

www.atmos-chem-phys.net/11/6493/2011/

Latitude [degrees N]

Atmos. Chem. Phys., 11, 63932011



6500 A. M. Aghedo et al.: Satellite observations for model evaluation

1Ic—:)g:HAMS-MOZ O3 SAMP [ppbv] 2005--2008 mean 1%‘-OISS-PUCCINI O3 SAMP [ppbv] 2005--2008 mean
L 10 L
200 8 200
300 6 300 [
L 4 L
= 400 - = 400
a r 2 5 L
= 500 - 1 = 500
<4 L o L
5 0 5
2 600 - 2 600
L L -1 &3 L
& 700 f = L
800 |- -4 800 —
L -6 L
900 8 900
1000 g5 o 30 10 1000 g5 30
Latitude [degrees N] Latitude [degrees N]
1Eoc().‘,HAMS-MOZ CO SAMP [ppbv] 2005--2008 mean 1(g-(IJSS-PUCCINI CO SAMP [ppbv] 2005--2008 mean
2.4 r 2.4
200 2.0 200 = 2.0
300 1.6 300 | 1.6
1.2 r 1.2
= 400 os = 400 I 08
a - [ r -
£ 500 0.4 = 500 | 0.4
<4 <4 L
2 600 00 2 600 | 0.0
4 -0.4 & L -0.4
% Zoo 0.8 & 700 | 08
800 1.2 800 - 1.2
-1.6 r -1.6
900 20 900 20
1000, 30 o 24 1000.g5 -30 0 30 24
Latitude [degrees N] Latitude [degrees N]
E(i‘,(l)-(|)AM5—MOZ ATM-TEMP SAMP [K] 2005--2008 mean Gll%(?—PUCCINI ATM-TEMP SAMP [K] 2005--2008 mean
— , v — T —
‘ 1= ] \ ' 1M o.5 UA ' 1 o.5
: -1 0.4 200 - o.4
1M 0.3 1™ 0.3
1 0.2 300 1 0.2
_ dl o1 —. 400 3 dl o1
§ 1] |o.0 § 1| |o.0
‘E‘ 1 -0.1 E‘ 500 r 1 -0.1
2 B -0.2 2 L ' B -0.2
2 1| |03 g °°r 1 |03
o 1L ]-0.4 T s00 1L ]-04
18 -0.6 8 18 -0.6
08 800 - ‘ ‘ ‘ ‘ 1M os
1 -1.0 [ . -1.0
o LI Ve e
Lo -30 o 30 <o 1000 60 o
Latitude [degrees N] Latitude [degrees N]
1EOE)ZHAMS-MOZ H20 SAMP [g/kg] 2005--2008 mean %!)SS-PUCCINI H20 SAMP [g/kg] 2005--2008 mean
200 200
300 300
—. 400 —. 400 [
© f<]
a o r
= 500 = 00 |
(<] [}
5 2 L
2 600 2 600
<4 <t F
& 700 8 700 +
800 800
900 900
1000 1000 g
Latitude [degrees N] Latitude [degrees N]

Fig. 4b. The 2005-2008 monthly-mean zonal-mean absolute errors due to sampling. The layout of the figures are similar to thdse in Fig.
for both models.
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Table 1. The range of bias & between the mean of the samplétl gnd the raw model time-serie$ gt the gridpointG corresponding to

2(° E longitude and 18S latitude for the individual years shown in Fgjare shown on the second and the third columns respectively for
ECHAM5-MOZ and GISS-PUCCINI models, respectively. We also show the 4-yr mean bias between the two distributions in the parenthesis
on the second and the third columns. The fourth and the fifth columns contain the standard error of the 4-yr mean o&§pgyilet-

series (and raw model time-serig$,in parenthesis) as specified in EQ) (and Eq.10).

Bias range (4-yr mean bias) Samptgfe,n(raw modelofean
ECHAM5-MOZ GISS-PUCCINI ECHAM5-MOZ  GISS-PUCCINI
Ozone (in ppbv) 0.1to6(2.6) —0.7t0—3 (—1.6) 2.23 (0.26) 2.02 (0.30)
Carbon monoxide (inppbv)  —3.4to0 24 (4.8) —12t010¢4.3) 6.08 (0.62) 5.18 (1.12)
Temperature (in K) 0.05t01.6 (0.7) —0.5t00.7(0.2) 0.34 (0.06) 0.39 (0.05)
Water vapor (in g kg?l) —0.071t0 0.2 (0.02) —0.1t0 0.2 (0.06) 0.11 (0.01) 0.13 (0.02)

zonal-mean error due to sampling is negligible for ozone and4.2 With data screening
carbon monoxide in both models, with the implication that
observations by a nadir sun-synchronous satellite adequatef§atellite measurements have instances of “bad” retrievals,
capture the monthly-mean zonal-mean magnitude and th&hich are flagged as a part of the operational proces€lsg (
distribution of ozone and carbon monoxide. terman et al.2009. The quality flags are provided in every
The third row of Figs.4a and4b show the influence of TES metadata product. The total number of good points sam-
sampling on the atmospheric temperature in both modelspled by TES in 2005 through 2008 is as shown in Bifor
We found a sampling bias of less that0.3K throughout the species. Figuré shows that from January—May 2005,
the tropics and mid-latitudes in the troposphere. The GISSTES has less than 15000 sampled points, and in June 2005,
PUCCINI model however shows sampling bias of up to TES performed no measurement. In June-December 2008,
—1.4K over some parts of the Southern-hemispheric h|ghe|the reduction in the total number of points sampled by TESis
latitudes. The fourth row of Fig&laand4b show the influ-  due to reduced latitudinal coverage fran82° N to a range
ence of sampling on water vapour in both models. Similar tobetween 70N and 50 S.
the bias in temperature, we also found sampling biases within Figure6 provide an example of the geographical distribu-
the range oft:3 % over the entire troposphere within the trop- tions of ozone concentrations in October 2006 at 562 hPa.
ical and the mid-latitudinal bands. The percentage biases arh compares the monthly averages computed from the to-
above—5 % over the southern-hemispheric higher latitudestal number of screened points sampled along the TES orbit
of the GISS-PUCCINI model. This may be probably due to (I€ft column) gridded to the model resolution to the monthly
the dry conditions over the southern-hemispheric higher lati-mean of the model output computed from the 3-hourly time-
tudes, which may lead to a division by a very small number,series (left column) in the GISS-PUCCINI model. The fig-
as confirmed by the small absolute biases within the regiorre shows that on a monthly-mean time-scale, observations
(see the fourth row of Figb). The absolute biases of water by a nadir sun-synchronous satellite can adequately capture
vapour lie within the range a£0.14 gkg ! in both models,  the magnitude and the large-scale distribution pattern due to
and are concentrated in the tropical and mid-latitudes loweitransport of ozone, and carbon monoxide (plots not shown).
troposphere, where water vapour has the highest concentra- Figures7aand7b show the time versus latitudinal-mean
tion. curtain of the percentage error calculated for ozone and CO
These results show that the influence of sampling is sometespectively, when the sampled points are screened with the
what dependent on the model, but in the two global chemistryguality flags (top) and not screened (bottom). The plots
climate models we considered, sampling has no significanshow similar pattern of error, with a slight increase in er-
influence on the monthly-mean zonal-mean ozone, carbotior when the sampled data are screened due to the reduction
monoxide and water vapour. However the biases in atmoin total number of points. The higher than usual percent-
spheric temperature due to sampling may be important whe@ge errors calculated in January—May 2005, and in Septem-
using nadir sun-synchronous orbits to create a decadal regrer 2005 suggests that the monthly average computed from
resentation of the atmospheric temperature over the higheless than 50 % of the total number of nadir points measured
latitudes. by a global sun-synchronous observations with a latitudinal
coverage range of:82° N may not provide adequate repre-
sentation of the monthly-mean.
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Fig. 5. The total number of good nadir points sampled by TES in 2005 through 2008 for ozone, carbon monoxide, temperature and water
vapour. TES conducts no measurement in June 2005.
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Fig. 6. The geographical distribution comparing the monthly averages of ozone computed from the points sampled from the GISS-PUCCINI
model using only the spatio-temporal locations belonging to the “good” nadir points, i.e. screened (left) to the monthly mean model output
computed from the entire 3-hourly time-series, i.e. no screening (right) in October 2006 at 562 hPa.
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Fig. 7a. The latitudinal average time series of the percentage error in ozone calculated when the sampled points are screened with the quality
flags (top) and not screened (bottom). The screened has the gap because TES performed no measurement in June 2005.

5 The influence of monthly averaging If the variability of the elements of the averaging kernel
_ . S o A are uncorrelated with the variability of the true statfor
In this section, we test the implication of the co-variability of || orbits belonging to the sampled grid-points on a monthly

the averaging kernel and the concentrations of the species ofiean timescale, then we approximate B) @s:
a monthly-mean time scale. We can write the expectation of

the retrieved species in Edl)(as: E[ajixi] ~E[ajr]Elx«] (13)

E[£]=E[x*]+E[A(x —x“)]+E[¢] (11)  where the condition specified in Eq.3) depends on the at-
mospheric species under consideration. The validity of the
surement error. We can therefore rewrite the second term oﬁq' (L3 approximation is a necessary condition to construct

. . . e monthly-mean of observations in a manner analogous
the right hand side of the EqLY) as: )

to monthly-mean model output. If we now use Ef3)(in
E[(Ax)]= ZE[(lijk] (12)  Eg. (11), we derive the approximation:
J

howeverE[¢] =0 if we assume a zero mean spectral mea-

wherea ;. are the elements of th¥ by N averaging kernel
matrix A for a particular target sceng,is the row andk is
the column of the matrix.
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Fig. 7b. The latitudinal average time series of the percentage error in carbon monoxide calculated when the sampled points are screened witt
the quality flags (top) and not screened (bottom). The screened has the gap because TES performed no measurement in June 2005.

E[J?]appmx%E[x“]—i—E[A]E[x—x“] (14
The monthly-mean of the sampled species with the appli-zm _ inzc(fm)
cation of the satellite operator derived from E&).¢an there- = @PPTOX g £ Japprox
fore be written as: ey Z———
~ xi+A; (xi _xi) (16)

-
m
X;

nG
iz o __
nG 4 We apply the monthly-mean of the a priori prof#¢ and
1 16 1 16 the monthly-mean of the averaging kernel matixto the
%ZX?‘FEZAI' (x]" —xf) (15)  monthly average of the model profiles sampled along the

i=1 i=1 TES nadir orbitx}" to test the closeness of the approxima-
wherei, ng, andG are as defined in Seet. The monthly-  tionin Eq. (16) to Eq. (L5) for ozone, CO, atmospheric tem-
mean approximation of Eq16) can therefore be constructed Perature and water vapour in any given month. In particular,
using Eq. 14), given by: we quantify the bias due to averaging the operators by cal-
culating the absolute errof and the percentage errdiP
according to:
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Fig. 8a. The 2005-2008 monthly-mean zonal average of the percentage error introduced by using the monthly-mean satellite operator
approximation in the ECHAM5-MOZ (left column) and GISS-PUCCINI (right column) models. The influence of monthly-mean averag-

ing kernel on ozone, carbon monoxide, atmospheric temperature and water vapour are shown on the first, second, third and fourth rows
respectively.
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Fig. 8b. The 2005-2008 monthly-mean zonal-mean absolute errors due to averaging the satellite operators. The layout of the figures is
similar to those in Fig8afor both models.
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sphere may be significant for water vapour feedback on the
rate of global warming (e.gsoden and Held2006.

V= (‘f;n)approx_ ()2:") 17
ﬁ) apbrox (ﬁ) 6 The influence of satellite operators
VP = P x 100 % (18)
x; The averaging kernel and the a priori profiles account for the

. limited vertical resolution of the satellite measurement, and
The results of the percentage and the absolute error is pre-

sented in Figs8a and8h respectively. The zonak-mean er- are together called the satellite operators. The reduction of

. the sensitivity due to clouds is contained in the averaging
rors are calculated by summing up the absolute errors an ernel. When the averaaing kernel is anplied to the model
dividing by the total number of points in the latitudinal zone ' ging bp '

. it accounts for the reduction in vertical sensitivity caused by
at each level. The errors for ozone, carbon monoxide, atmo: . .
. ) . the clouds. For TES data, the satellite operators are included
spheric temperature and water vapour are shown in the first . : -
: , : in the retrievals and are provided as part of the data distribu-

second, third and fourth rows of the both figures respectively.. : : . X
\ : tion. This section presents the error associated with neglect-

The first row of Figs8aand8b show that the errors caused . . . .
. . . ing these operators, that is not following the techniques ex-
by averaging the ozone averaging kernel is only ug-1c%

(up to£1 ppbv) in the lower and middle troposphere in both plained in Sect3 leading to the execution of EC.QX we (_Jle- .
note the monthly average of sampled model time-series with
models. At the UTLS, the error can be up to 3% (aboutthe application of TES operator as:
8 ppbv) in both models. On the second row of Fag, we '
see that using a monthly-mean CO averaging kernel could_ 1 26,
cause between0.2 % to+0.7 % throughout the whole tro- i = n—Z(y{") (19)
: Giz1
posphere in both models. In the absolute values, these CO
errors due to using monthly-mean averaging kernels rangevherens andG are as defined in Seek. The monthly mean
from only —0.2 ppbv and 0.6 ppbv (see Figb). Again, of the sampled model output without the application of satel-
the biases we calculated show no significant influence oflite operators is given by Eqg6).
using the monthly-mean averages of the operators for both We calculated the absolute error due to neglecting the ap-
ozone and carbon monoxide. This is especially interestingplication of the satellite operators a&s
since it shows that monthly-means of TES ozone and carbon __ __
monoxide observations similar to model output are suitable! =Y;"' = ¥" (20)
for model evaluation projects such as the ACC-MIP project.
With the exception of the boundary layer over the .
southern-hemispheric high latitudes, the error recorded due W—j:l’.”
to averaging the temperature averaging kernels is less than' = =5
+0.08 K throughout the entire troposphere in both models i
(see the third row of Fig®8aand andBh). Averaging the av- wherey™ is the sampled model output, ag denotes the
eraging kernel led to an atmospheric temperature error of ugampled model output containing the application of TES op-
to 0.2 K in the boundary layer over the southern-hemisphericerators according to Eq)(and @ or 4).
higher-latitudes (third row of Fig8b), which is still small in Figures9a and 9b show the 2005-2008 zonal-mean per-
comparison with typical model biases. Employing the watercentage and absolute errors, respectively caused by not ap-
vapour monthly-mean averaging kernels cause an error thailying the operators. Note that the zonal-mean errors are
ranges from—1% to 8% within the entire troposphere in calculated by summing up the absolute errors and dividing by
both models (fourth row of Figa). The actual absolute error the total number of points in the latitudinal zone at each level.
amount within the lower troposphere varies fren.04 to  In both models we considered, we show the consequence of
0.16 gkg . However, in the middle and upper troposphere, not using the operators for ozone, carbon monoxide, temper-
the absolute water vapour error due to using monthly-mearature and water vapour on the respective first, second, third
operators only varies betweer0.04 gkg?® (fourth row of  and fourth rows of Figs9aandob.
Fig. 8b). For ozone, the percentage error caused by not account-
In summary, using the monthly average of the averaginging for the limited vertical resolution of the nadir satellite
kernels has no significant impact on the application of nadirobservations ranges from30 % to more than 60 %. In the
satellite retrievals to models for ozone and carbon monox-absolute amount, the biases vary freqttO ppbv to 25 ppbv
ide. Averaging the averaging kernel may impact the bound-within the lower and middle troposphere of both models. In
ary layer atmospheric temperature slightly over the southernthe UTLS, the biases ranges fror90 ppbv to more than
hemispheric higher-latitudes, where the error calculated is uf0 ppbv in both models (see the first row of Figaand9b).
to 0.2 K. The bias due to the use of water vapour monthly-The ozone results show strong model dependence, and fur-
mean operators of up to 8% calculated in the upper tropother elucidate that influence of the averaging kernel on a

and the percentage erréP as:

x 100% (21)
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Fig. 9a. The 2005-2008 monthly-mean zonal average of the percentage error encountered for failure to account for the limited vertical
resolution of the nadir satellite. We show this impact on the ECHAM5-MOZ (left column) and the GISS-PUCCINI (right column) ozone,
carbon monoxide, atmospheric temperature and water vapour on rows one, two, three and four, respectively.
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Fig. 9b. The 2005-2008 monthly-mean zonal average absolute error encountered for failure to account for the limited vertical resolution of
the nadir satellite. The layout of the figures is similar to those of $ador both models.
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Table 2. The 2005-2008 zonal-mean percentage and absolute errors due to technical steps required to use sun-synchronous satellite i
model evaluation. We show the biases due to (1) sampling the model along TES spatio-temporal resolution, (2) using monthly average of the
satellite operators and (3) neglecting the application of satellite operators. The list of acronyms used in the Table is as given below.

Ozone Carbon monoxide Temperature Water vapour

Orbital +1% (+1 ppbv) +1.2% (1.2 ppbv) +0.3K in the TTML +3% (+0.14gkg™1)

sampling +2.5% (8 ppbv) at the BL and UTLS —2 to+5 ppbv at the BL up te-1.4K in the SH HL

Operator +1% (£1 ppbv) at the LMT —0.2% to+0.7 % less thant0.08 K —1%to+8%

averaging +3% (-8 ppbv) at the UTLS 0.2 t0 +0.6 ppbv) upto+0.2K inthe SHHL  (from—0.04 to Q16 gkg 1)

Operator  —30% to> +60% +30% (—40 to+15 ppbv§ from —-1.5Kto+5K —10% to 40 % in both model in the TTML

application  (-10 to+25 ppbv at the LMT) —30% t0+20 % (—35 to+30 ppbvf up t0+100 % in the BL and UTLS of HE
(—90 to+50 ppbv at the UTLS) —80% t0+60 % in the BL and UTLS of HP

2|n the ECHAM5-MOZ model;

b in the GISS-PUCCINI model;

TTML: tropical and mid-latitudes of the entire troposphere;
UTLS: upper troposphere and lower stratosphere;

SH: Southern Hemisphere;

HL: higher latitudes;

BL: boundary layer;

LMT: lower and middle troposphere.

model output is a function of the distribution of ozone cal- 7 Summary and discussion

culated by the model. For carbon monoxide, the percent-

age error of not applying the operators also varies betweeiThis paper presented the technical steps required for using
+30 % (that is—40 ppbv to 15 ppbv) in the ECHAM5-MOZ  nadir sun-synchronous satellite observations for multi-model
model, and lies between30 % and 20 %35 to 30 ppbv)  evaluation and the uncertainties associated with each step.
in the GISS-PUCCINI model (see the second row of Figs. We quantified the implications of sampling, the effect of av-
and9b). eraging the observation operators (that is the a priori and the

On the third row of Figs9a (and9b), the neglect of TES averaging kernel profiles) for use with monthly-mean model
atmospheric temperature operators causes an error rangin@itput, and the impact of neglecting the observation opera-
from —1.5K to more than 5K in both models. For water tors. We calculated these biases in ozone, carbon monoxide,
vapour, the percentage error for not applying the operatoratmospheric temperature and water vapour by using the out-
also range from-10 % to 40 % throughout the entire tropo- put from two global chemistry climate models (ECHAM5-
sphere, except over the boundary layer and the UTLS of thevlOZ and GISS-PUCCINI) and the observations from TES
higher latitudes. In the ECHAM5-MOZ model, the percent- satellite from January 2005 to December 2008.
age error in the boundary layer and the UTLS of the higher  The results show that sampling has no significant influence
latitudes could be up to 100 %, while the respective errorson ozone, carbon monoxide and water vapour throughout the
are up to 80 % ane-60 % in the GISS-PUCCINI model (see entire troposphere in both models. We calculated 2005-2008
the fourth row of Fig9a). Absolute errors of neglecting wa- zonal-mean sampling biases no larger ths?5 % and an
ter vapour operators are concentrated in the lower and th@psolute amount ranging from8 ppbv for ozone in both
middle troposphere, and vary from0.3to 1.4gkg' inthe  models. Carbon monoxide and water vapour sampling biases
ECHAMS5-MOZ model and-0.4 to 2.5gkg? in the GISS-  were also within the range af1.2 % (that is—2 to 5 ppbv)
PUCCINI model (as shown in Figh). and+3 % (that is+0.14 g kg 1) respectively in both models.

In comparison to the impact of sampling and averaging,we also found insignificant biases due to using the monthly
the failure to account for the limited vertical resolution of a averages of ozone and carbon monoxide Operators_ The bi-
nadir satellite measurement yields the largest bias. This highases due to averaging the operators range from edl96
lights the importance of the operators and accounting for theo 3% (that is—1 to 8 ppbv) for ozone and from0.2 % to
differences between the vertical resolution of nadir satellitesp.7 9 (that is—0.2 ppbv to 0.6 ppbv) for carbon monoxide in
and models. The summary of the impact of sampling alonggoth models.
satellite orbit, averaging the observation operators, and ac- The influence of sampling on atmospheric temperature is
counting for the limited vertical resolution through the ap- \yithin the range of:0.3K in the tropical and mid-latitudes
plication of the operators are presented in Tabler both i poth models. However, the biases due to sampling be-
models. came significant over the boundary layer in the higher lat-

itudes, where they could be as large-a%.4 K, especially
in the GISS-PUCCINI model. Even though the biases due
to averaging the temperature averaging kernel and the a
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priori profiles were quite small (only:0.08 K) in the tropical  Allen, D., Pickering, K., and Fox-Rabinovitz, M.: Evaluation of
and the mid-latitudes throughout the entire troposphere, they pollutant outow and CO sources during TRACE-P using model-
were as high as 0.2 K over the boundary layer in the southern- calculated, aircraft-based, and Measurements of Pollution In The
hemispheric higher latitudes. We also found up to 8% biasin Troposphere (MOPITT)-derived CO concentrations, J. Geophys.
the upper troposphere water vapour when the monthly-mean Res., 109, D15S08l0i:10.1029/2003JD004252004.

operators were used. This may be significant for feedback of€e" R~ Glavich, T., and Rider, D.: Tropospheric Emission Spec-
. trometer for the Earth Observing System’s Aura satellite, Appl.
water vapour on the rate of global warming.

. . Opt., 40, 2356-2367, 2001.
Our results show the importance of the averaging kernelgjan H. and Prather, M.: Fast-J2: Accurate simulations of pho-

and the a priori profiles in accounting for the limited vertical  tolysis in global climate models, J. Atmos. Chem., 41, 281-296,
resolution of a nadir satellite measurement for model appli- 2002.

cation. The results show that neglecting the observation opBodas-Salcedo, A., Webb, M. J., Bony, S., Chepfer, H., Dufresne,
erators will result in large biases, which are more than 60% J. L., Klein, S., Zhang, Y., Marchand, R., Haynes, J.
for ozone,+30 % for carbon monoxide, which range from M., Pincus, R., and John, V. O.: COSP: satellite simula-
—1.5K to 5K for atmospheric temperature, and for water tion software for model assessment, B. Am. Meteorol. Soc.,
vapour, they are within the range 60 % and 100 %. These do':10'1175/20115AM32856"1’Il press, 2011. oudh
high biases highlight that the reduction in the sensitivity due°Wman. K. W., Worden, J., Steck, T., Worden, H. M., Clough, S.,
to clouds and all other effects, which are captured by the av- and Rodgers, C.: Capturing time and vertical variability of tropo-

. . . . spheric ozone: A study using TES nadir retrievals, J. Geophys.
eraging kernels cannot be ignored during the comparison of oo 107(D23), 472310i:10.1029/2002JD002152002
the satellite measurement to numerical models. ’ '

Bowman, K. W., Rodgers, C. D., Kulawik, S. S., Worden, J.,
These results show that monthly averages constructed Sarkissian, E., Osterman, G., Steck, T., Lou, M., Eldering, A.,

from points sampled by the nadir satellite sufficiently cap- Shephard, M., Worden, H., Lampel, M., Clough, S., Brown, P.,
tures the magnitude and the large-scale distribution pattern Rinsland, C., Gunson, M., and Beer, R.: Tropospheric emis-
due to transport of ozone and carbon monoxide on a monthly- sion spectrometer: Retrieval method and error analysis, IEEE T.

mean time scale, and are adequate for model evaluation, sub- Geosci. Remote, 44(5), 1295-1307, 2006. _
ject to the condition that the observation operator constructedutkovskaya, N., Kukui, A, and Le Bras, G.: HNOForming

in similar averages are applied to model output.
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