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Abstract. The innovations or observation minus forecast 1 Introduction

(O—F) residuals produced by a data assimilation system pro-

vide a convenient metric of evaluating global analyses. InOzone s aradiatively important trace gas in the middle atmo-
this study, O—F statistics from the Global Ozone Assimi- sSphere. As global numerical weather prediction (NWP) mod-
lation Testing System (GOATS) are used to examine howels extend upward and become more reliant on satellite ob-
ozone assimilation products and their associated O—F statigervations, accurate modeling of the radiative environment,
tics depend on input data biases and ozone photochemistrijicluding ozone, seen by these models becomes more impor-
parameterizations (OPP). All the GOATS results shown aretant for optimal use of satellite radiances (e.g., Derber and
based on a 6-h forecast and analysis cycle using observatiotdu, 1998; John and Buehler, 2004).

from SBUV/2 (Solar Backscatter UltraViolet instrument-2) A global ozone data assimilation system combines a global
during September—October 2002. Results show that zondPrecast model with ozone observations to produce a global
mean ozone analyses are more independent of observati(_gfiddEd ozone analysis. The ozone forecast can fill in where
biases and drifts when using an OPP, while the mean ozongbservations are lacking, and aids in data quality control by
O-Fs are more sensitive to observation drifts when using afProviding a realistic background field. The observations can
OPP. In addition, SD O-Fs (standard deviations) are reducegorrect forecast errors, thereby providing accurate ozone ini-
in the upper Stratosphere when using an OPP dueto a redu&iﬁ' conditions for the next forecast and analysis Cycle. In ad-
tion of forecast model noise and to increased covariance bedition to improving derived forecast products such as surface
tween the forecast model and the observations. Experimentdltraviolet (UV) indices (Long et al., 1996), ozone assimi-
that changed the OPP reference state to match the observiation and forecasting improve model stratospheric heating
tions by using an “adaptive” OPP scheme reduced the meafates (and hence temperatures) and can be used to diagnose
ozone O-Fs at the expense of zonal mean ozone analys&&@nsport in the lower stratosphere, thereby improving wind
being more susceptible to data biases and drifts. AdditionaRssimilation (Peuch etal., 2000; Jang etal., 2003). These and
experiments showed that the upper boundary of the ozon&ther motivations for ozone assimilation, as well as previous
DAS can affect the quality of the ozone analysis and thereWork on the problem, are summarized by Rood (2005). More

fore should be placed well above (at least a scale height) théecent work has focused on the assimilation of new strato-
region of interest. spheric ozone observations to improve the ozone analysis

(e.g., Stajner and Wargan, 2004; Wargan et al., 2005; Stajner
et al., 2006), and generation of multidecadal ozone reanaly-
sis fields (Dethof and Holm, 2004; Oikonomou and O’Neill,
2006). Ozone data assimilation has also been used recently
to evaluate different parameterizations of stratospheric ozone
photochemistry (Geer et al., 2007).
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2 Global Ozone Assimilation Testing System

To allow us to develop and refine an ozone assimilation and
forecasting capability, we have developed a Global Ozone

Initial Conditions 6-Hour Forecast Assimilation Testing System (GOATS), depicted schemati-
Ozone | Met. Fields Met Fields | Ozone cally in Fig. 1. GOATS couples the Goddard Earth Observ-
ing System (GEOS) ozone data assimilation system (DAS)
Normal Mot ifaization with the NOGAPS-ALPHA (Navy Operational Global At-
‘ Biend to Climatology mospheric Prediction System — Advanced Level Physics with
Conversion 2 Spectr K T High Altitude) global forecast model. The components are
GEOS4 discussed in more depth in Sects. 2.1 and 2.2, respectively.
Analysis 1o+ To'6r02) hpa (Note that by using the GOATS we were quickly able to
Ozone ot e develop and refine key aspects of ozone assimilation while
L0003 0lhE Conversion to Real the Navy’s operational NAVDAS (Naval Research Labora-

tory Atmospheric Variational Data Assimilation System) was

being extended to higher altitudes. We are now beginning
GEOS Ozone DAS ozone assimilation research using NAVDAS.)
SBUV/2 To start each 6-h analysis cycle, the NOGAPS-ALPHA

General Circulation Model (GCM) is initialized with
. . o . archived meteorological fields produced from the opera-
Fig. 1. Schematic depiction of a GOATS cycle. The two main com- tional NOGAPS using the Naval Research Laboratory (NRL)

ponents are NOGAPS-ALPHA (ozone forecast) and GEOS ozoney g, snheric variational Data Assimilation System (NAV-
DAS (ozone analysis). SBUV/2 layer ozone observations are assimDAS) This apbroach simolifies the ozone assimilation b
ilated into the cycle. The ozone fields continue through the cycle, ) PP P y

however, the meteorological fields are re-initialized every 6 h. avoiding a Compl_ete _rnete_orologlcal assimilation for e_ach
model run. This simplification offers two advantages. First,

it decouples the meteorological assimilation from the ozone
In improving stratospheric assimilations further, Rood assimilation, enabling us to focus on the parameters relevant
(2005) concludes that details of the various assimilationto 0zone. Second, it more easily facilitates the integration of
algorithms are now secondary considerations compared tghe GEOS ozone DAS into the GOATS.
the more general issues of identifying and eliminating GOATS is similar to the off-line ozone data assimilation
model/data biases and (relatedly) improving physical paramsystems (see, e.cstajner et al., 2001) in that the meteorolog-
eterizations (see also Povalarapu et al., 2005). We focus oi¢al analysis is independent of the ozone assimilation, how-
those broader issues here in a series of experiments with a@ver, GOATS follows the approach of Stajner et al. (2006),
ozone assimilation system. Specifically, we investigate howvhere the full GCM, rather than an ozone transport model, is
the assimilation system responds to improvements in ozon&sed to dynamically advect ozone to the next analysis time.
“physics” by comparing results between experiments with This means that GOATS has some advantages as well as dis-
and without a parameterization of ozone photochemistry inadvantages over a typical off-line ozone DAS. Advantages
the forecast model. Output from each assimilation run is aninclude the ability to influence model dynamics by changing
alyzed objectively using standard output parameters, such ashortwave heating and longwave cooling due to ozone. In all
mean and standard deviation (SD) of the innovations (obthe GOATS results shown here, this interaction of ozone with
servation minus forecast residuals). Additional experimentsdynamics through shortwave radiative heating and longwave
with and without parameterized ozone photochemistry ex-cooling was activated, however the effects are not discussed
amine how the mean innovations (i.e., the bias between thé this paper. Another advantage for GOATS is that time in-
ozone forecast model and ozone observations) respond whégrpolation of the meteorological analyses is not necessary, as
fed with unbiased, then biased versions of the same set dhe dynamical model predicts the meteorological fields along
satellite ozone observations. with the ozone at each model time step. The potential im-
We begin by describing our ozone assimilation systemprovements in constituent transport from using GCM winds
(Sect. 2), including a brief summary of the observationsare discussed by Rood (2005).
(Sect. 2.3), and assimilation experiments (Sect. 2.4). We A disadvantage for GOATS is that the dynamical model
present results of the experiments in Sect. 3 and the discugnust be initialized at the start of each analysis cycle. This
sion of the results in Sect. 4 followed by the conclusions inis an important consideration for GOATS because the cur-
Sect. 5. rent NOGAPS operational analyses are capped at 10 hPa. As
shown schematically in Fig. 1, we circumvent this restriction
in the GOATS by using GEOS4 (Goddard Earth Observing
System version 4) meteorological analyses from 10-0.2 hPa
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or from 10-1.0 hPa. Above the top analysis level, meteoro-NASA's Goddard Space Flight Center as part of the Goddard
logical fields from the top analysis level are blended with cli- Earth Observing System Data Assimilation System (GEOS-
matological fields from UARS (Upper Atmosphere ResearchDAS). This three-dimensional (3-D) ozone assimilation sys-
Satellite; Swinbank and Ortland, 2003) and CIRA (COSPARtem has been used in a wide variety of applications, as-
International Reference Atmosphere; Fleming etal., 1990) asimilating data from nadir-sounding instruments: SBUV/2
described in Eckermann et al. (2004). These global meteoroand Total Ozone Mapping Spectrometer (TOMS); and limb-
logical fields are then balanced using the NOGAPS-ALPHA sounding instruments: Microwave Limb Sounder (MLS),
Nonlinear Normal Mode Initialization (NNMI) scheme, be- Michelson Interferometer for Passive Atmospheric Sound-
fore starting the forecast. Section 3.3 examines the effecting (MIPAS), Polar Ozone and Aerosol Monitor (POAM),
of lowering the top GEOS4 analysis level from 0.2 hPa toand Improved Limb Atmospheric Spectrometer-11 (ILAS-
1.0 hPa and eliminating the NNMI. II). Detailed descriptions of the assimilation system, er-
Figure 1 illustrates a GOATS 6-h analysis cycle. The ini- ror modeling, and applications are provided in Riishggaard
tial meteorological fields are set as described above, whileet al. (2000), Stajner et al. (2001, 2004), Stajner and War-
ozone is taken from the previous GOATS ozone analysis (oigan (2004), Wargan et al. (2005), and Stajner et al. (2006).
from zonal-mean climatology for the first cycle). The fields The GEOS ozone DAS combines ozone observations with
are advanced 6 h using the NOGAPS-ALPHA GCM. The 6-ha background 3-D ozone field from a forecast model, using
ozone forecast is saved on the model’s grid at all levels usinghe Physical-space Statistical Analysis Scheme (PSAS) de-
the spectral coefficients. An offline code transforms the datzscribed by Cohn et al. (1998).
from spectral to real space, providing ozone mixing ratios For the following experiments, the ozone analysis horizon-
on a Gaussian latitude-longitude grid as the “background’tal grid resolution was set to L.By 1.5 (240 longitudes by
fields for the data assimilation. These background fields are 21 latitudes). This nearly matches the NOGPAP-ALPHA
then read into the GEOS ozone DAS, where they are statistiT79 horizontal resolution (240 longitudes by 120 latitudes on
cally combined with all SBUV/2 (Solar Backscatter Ultravi- the quadratic Gaussian grid) that was used with the GOATS.
olet Radiometer-2) data that occur within a 6-h window cen-
tered on the analysis time: these observations are discuss&d2 NOGAPS-ALPHA
further in Sect. 2.3. The resulting analyzed ozone fields are
transformed back into spectral coefficients that provide theOperational global NWP at the Fleet Numerical Meteorol-
initial ozone field for the next 6-h cycle, while the meteo- ogy and Oceanography Center (FNMOC) is provided by
rological fields for the next cycle are again provided from the Naval Research Laboratory’s (NRL) Navy Operational
archived NAVDAS and GEOS4 analyses. Note that archivedGlobal Atmospheric Prediction System (NOGAPS: Hogan
GEOS ozone analyses are not used in GOATS. and Rosmond, 1991). The NOGAPS Eulerian spectral model
Since we start GOATS with zonal-mean climatological currently uses a T239L30 formulation operationally, and
ozone, it is necessary to determine the spin-up time require¢hese 3@ levels are depicted in Fig. 2, both the interface
for this dependence on the zonal-mean ozone initial condi{half) levels (panel a) and the profile of corresponding layer
tion to be eliminated. Several tests compared assimilatiorthicknesses (black curve in panel c).
runs initialized with both climatology and with a 3-D anal- A comparison of Figs. 2a and d shows that ozone mix-
ysis provided by the operational GEOS ozone DAS. As ining ratios peak at the uppermost thick diffused layers of
Geer et al. (2006), we found that ten to fifteen days of spin-this L30 model, which makes it unsuitable for ozone as-
up time were sufficient to eliminate most of the dependencesimilation. Thus, GOATS uses an advanced-level physics,
on initial conditions. When showing time average fields, we high-altitude (ALPHA) nonoperational prototype of the NO-
begin averaging 10 days after the GOATS initial time to sup-GAPS spectral model, known as NOGAPS-ALPHA. Only
press any significant influence from the initial condition. those aspects of NOGAPS-ALPHA salient to GOATS are de-
Output from the GOATS runs includes the ozone analy-scribed in what follows, since more detailed descriptions of
sis, 6-hourly ozone forecast, and the standard diagnosticBlOGAPS-ALPHA have been provided in a number of recent
provided by the GEOS ozone DAS. The latter include dif- publications (Eckermann et al., 2004, 2006; McCormack et
ferences between the incoming observations and the baclal., 2004; Allen et al., 2006).
ground forecast (OF, or innovations). The mean and stan-
dard deviation of the OF are used extensively to monitor 2.2.1 Model resolution
the agreement between model and observations (Stajner et

al., 2004). We typically run NOGAPS-ALPHA using an L60 hybrid-
p formulation whose layer thicknesses are shown in Eg.
2.1 GEOS ozone DAS (see also Eckermann et al., 2006). However, the GEOS

ozone DAS was developed and tuned within the framework
The statistical analysis system, which is used to assimilatef the specific L55 hybrid—p levels of the Version 4 God-
ozone observations within the GOATS, was developed atdard Earth Observing System (GEOS4) model (Bloom et al.,

www.atmos-chem-phys.net/7/2917/2007/ Atmos. Chem. Phys., 7, 2917-2935, 2007
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(a) NOGAPS: L30 c levels (b) NOGAPS-ALPHA: L55 hybrid o-p levels (c) Pressure Height Layer Thicknesses (d) December Ozone Climatology (ppmv)
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Fig. 2. Model half levels around 34°3N latitude circle for(a) NOGAPS L30 (pures levels) and(b) NOGAPS-ALPHA L55 levels
(hybrid c—p levels). Orange levels demark heavily diffused upper layers, red line shows top half-level pregspreellow line in (b)
shows lowest isobaric half level (177 hP#}) Model layer pressure-height thicknesgeg,, for these model formulations, as well as L60
NOGAPS-ALPHA levels(d) Zonal-mean daytime ozone volume mixing ratio climatology (ppmv) for December as function of latitude and
pressure.

2005). Thus, to simplify interfacing the GEOS ozone DAS Herer, T and X are the current model values of ozone
to NOGAPS-ALPHA, we built these same L%5p levels  mixing ratio, temperature and ozone column density, respec-
into NOGAPS-ALPHA, with some minor top level differ- tively. The “0” subscripts denote values at a reference (or
ences due to NOGAPS use of a finite top level pressureequilibrium) state. The reference staigs 7, and X, are
pTop Within its hybrid coordinate formulation. Those L55 specified by zonal-mean climatologies, while the four refer-
NOGAPS-ALPHA half levels are shown in Fig. 2b, and the ence state photochemical coefficients in Eq. (1) are provided
corresponding layer thicknesses in Fig. 2c. These L55 levelsis zonal-mean lookup tables by the photochemistry scheme.
span the full depth of the stratospheric ozone layer with good\ote that this linearized ozone photochemistry formulation
vertical resolution throughout. is solidly based on the detailed photochemistry of ozone

To reduce the computational burden, in this test environ-(See Sect. 2.1 of McCormack et al., 2006, and references
ment we ran the NOGAPS-ALPHA at a T79 spectral resolu-therein). Thus the photochemical damping dependences seen

tion in all the GOATS experiments reported here. here in the upper stratosphere should also occur in assimila-
tion systems containing complete specifications of multireac-

tion ozone photochemistry. NOGAPS-ALPHA incorporates
and can use any one of the various linearized ozone pho-
tochemistry schemes currently in use by the world’s major
NOGAPS-ALPHA initializes a three-dimensional global Nwp/DA centers and some climate models. Preliminary as-
ozone mixing ratio field that is subsequently advected spec- sessments and intercomparisons of some of these schemes in
trally and can also be photochemically updated (see, e.gnwpP/DA applications have been provided by McCormack
McCormack et al., 2004, 2006). In the GOATS, the prog- et al. (2004, 2006) and Geer et al. (2007). A major motiva-
nostic ozone is initialized with the latest assimilated ozone atjgn for our development of GOATS is to objectively bench-
the start of each 6 h forecast (see Fig. 1). mark the performance of photochemistry schemes in a real-
In common with other NWP ozone DASs, for photochem- istic high-altitude prototype ozone DA system, prior to im-
istry NOGAPS-ALPHA uses a linearized parameterization plementation of ozone in operational DA systems, such as
of rates of gas-phase ozone photochemical producton the NRL Atmospheric Variational Data Assimilation System
and lossL, formulated mathematically (Cariolle anceBe, (NAVDAS: Daley and Barker, 2001).
1986) as

2.2.2 Prognostic ozone

NRL has developed a scheme based on output from

(P —L) their zonally-averaged CHEM2D model (McCormack and

(P—=L)=(P—L) + BT (r —ro) Siskind, 2002). This CHEM2D-OPP (Ozone Photochem-
¢ istry Parameterization) scheme is described by McCormack
+ P -1 (T —T,) et al. (2006), and has been implemented operationally in the

oT 0 National Centers for Environmental Prediction Global Fore-

(P —1L) cast System (NCEP GFS) and transitioned to FNMOC for

BEER (X = %0). @ the operational NOGAPS. CHEM2D-OPP was used for all

Atmos. Chem. Phys., 7, 2917-2935, 2007 www.atmos-chem-phys.net/7/2917/2007/



L. Coy et al.: Ozone assimilation 2921

Table 1. Mid-September 2002 values of SBUV/2 observations for (@) Ozone Reference State r, (Ppmv): Segtgeomber
layers 3—12 used in scaling vertical profile plots. T _/\—_‘02-2\ -
E— 057/
, M e e a0
Layer Pressure Typical § 7— ———— 157 5%
Number Range (hPa) Value (DU) 3 [i=a 54— 7405
3 63.3-127 45 R S T — a 305
- o E \2 \/’_\—// 4| %]
;1 ié; gig 22 100F zé%t_ﬂ—is 208
6= L =0p="" [\ ——— 10
6 7.92-15.8 46 1000 £ (]BW 0
7 3.96-7.92 24 90°S  60°S  30°S | EQd 30°N  60°N  90°N
tit
8 1.98-3.96 10 aruce
9 0.99-1.98 3.3 (b) CHEM2D-OPP 1, (days): September
10 0.495-0.990 0.96 0.017 00‘1 ‘ ‘ ‘ T 80
11 0.247-0.495 0.29 01~ 003 1704
1E E
12 0.0-0.2467 0.12 T s b
g 1= 0.3\_//* 505
;;,%\_/8\_ =T
] ] ®  10F— 1308
the GOATS results with parameterized ozone photochem- & L —100 7202
istry presented in Sect. 3. 100F . <7 -
In the present study, the GOATS assimilates SBUV/2 ob- 1000k 30— |,
servations during the period of September—October 2002. An 90°S 60°S 30°S EQ 30°N 60°N 90°N

S ST : ; latitud
examination of the individual terms in the photochemistry e

parameterization shows that the second term on the righf;ig_ 3. (a) Ozone reference statey (ppmv) and(b) ozone pho-

hand side of Eq. (1) dominates_ the photochemistry COMPOtochemical relaxation timegp, (days) as function of latitude and
nent of NOGAPS-ALPHA at altitudes above 10 hPa during pressure for September. The gray bands denote the SBUV/2 layers

this period. This term acts as a photochemical relaxationsee Table 1 for details).

-1
rate, to,=— [%‘ ] (see Cariolle and Bye, 1986;

0

McCormack et al., 2006), that draws the forecasted 0zoneryals of the SBUV/2 layers 3—12 are given in Table 1 (see
mixing ratio,r, toward the model’s specified ozone reference g|so Fig. 3). These SBUV/2 layers are similar to the Umkehr
states,. The CHEM2D-OPP photochemical relaxation rates |ayers used for ground-based ozone observations.
for September are shown in Fig. 3b. As detailed further in Sect. 3.1.1, we used two opera-

In NOGAPS-ALPHA, the ozone reference statg, is  tionally issued versions of SBUV/2 observations with dif-
specified using an amalgam of the Fortuin and Kelder (1998)erent biases in the upper stratosphere. These were versions
zonal-mean climatology at altitudes below 0.3 hPa, and longn16v61608 and n16v61814. The GOATS was run using each

term diurnally-averaged output from the CHEM2D model yersion in separate experiments to examine the effect of the
above (see McCormack et al., 2006, for details). Notepjas on the ozone assimilation.

that the Fortuin-Kelder climatology is heavily weighted with

SBUV data, and thus is a good match for our GOATS 2.4 GOATS experiments

SBUV/2 assimilation experiments. This NOGAPS-ALPHA

zonal-mean ozone reference state for September is shown ill the GOATS experiments shown here started on 1 Septem-

Fig. 3a. ber 2002, 00:00 UTC and ran with a 6-h ozone analysis cycle
for up to 2 months. The global gridded ozone forecast and
2.3 SBUV/2 observations analysis fields were archived every 6 h along with theFO

residuals. A reduction in the ©Fs is a standard measure of
All the GOATS experiments that follow assimilate SBUV/2 improvement in a data assimilation system, and therefore the
ozone observations. The SBUV/2 instrument and the invers®©—Fs will be examined in detail in Sect. 3.
model used to retrieve layer ozone values are described in The O—Fs can be examined globally or within a more re-
Bhartia et al. (1996). The GEOS ozone DAS was developedstricted domain. For each level and region (usually global)
using SBUV/2 observations (Riishggaard et al., 2000; Stawe have computed an average (mear)FQor bias, and af-
jner et al., 2001), and use of the innovation statistics fromter subtracting the average from each value in the region, we
SBUV/2 ozone assimilation to monitor the DAS is described have computed a standard deviation (SD)FEover the same
in Stajner et al. (2004). Following Stajner et al. (2001), we region.
have used only SBUV/2 layers 3—-12 in the GOATS along The time period that we are examining was highlighted
with the SBUV/2 total ozone column data. The pressure in-by the first observed major stratospheric warming in the

www.atmos-chem-phys.net/7/2917/2007/ Atmos. Chem. Phys., 7, 2917-2935, 2007
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150 190 230 270 310 350 390 430
TOZ [DU]

Fig. 4. Total ozone in the Southern Hemisphere for 20-30 September 2002 (48-h intervals) from the Total Ozone Mapping Spectrometer
(TOMS; top row) and from the GOATS T79L55 run with CHEM2D-OPP chemistry (bottom row).

Southern Hemisphere (Newman and Nash, 2005; Allen etal.3.1 O-Fs and parameterized chemistry
2006). Ozone assimilation products during this time period
have been examined by Geer et al. (2006). Figure 4 showés shown by Stajner et al. (2004), the observation-minus-
total 0zone comparisons between the GOATS T79L55 ozondorecast (G-F) innovations can be useful for diagnosing the
analyses (with CHEM2D-OPP activated) and TOMS (Total performance of an operational ozone DAS. Here, we ex-
Ozone Mapping Spectrometer) during the warming eventamine the response of the O-Fs to changes in the forecast
The GOATS analyses capture the total ozone morphologynodel, beginning with changes occurring when parameter-
of this period including the splitting of the ozone hole into ized ozone photochemistry (CHEM2D-OPP) is added to the
two pieces on the 24th, the return to a single smaller ozondorecast model.
hole on the 30th, and the ridges of high ozone surrounding Figure 5 shows global average O-F times series for
the ozone hole. These maps agree well with the SBUV/2SBUV/2 layer 8 (1.98-3.96 hPa) for two experiments: one
total ozone maps analyzed for this period by Kondraguntawith and one without parameterized ozone photochemistry.
et al. (2005). Note that the GOATS low total ozone valuesSince tp,~1 day in layer 8 (Fig. 3b), one would expect
(~150DU) on 20 September 2002 are produced by the asmodel chemistry to play a role during each 6-h GOATS cy-
similated SBUV/2 observations that often see into the dis-Cle. As stated in Sect. 2.4, at each analysis time the 6-h mean
turbed low ozone region during the first 20 days of the as-of the O-Fs in Fig. 5b has been subtracted before calculating
similation. the standard deviation values shown in Fig. 5a. Separating
In the next section we provide more quantitative assessthe O-Fs into a mean and a standard deviation is useful be-
ments of GOATS performance. Examining GOATS analysescause, as will be shown, each quantity responds to model
during this highly dynamic period will provide a stringent changes in a different way. While parameterized chemistry
test of the quality of the analyses. has reduced the SBUV/2 layer 8 global standard deviation of
the O-Fs at all times, the mean of the-@&s shows slightly
larger absolute values for the parameterized chemistry case
3 Results and the mean OFs are increasing towards the end of the in-
tegration, which indicates increasing disagreement between
This section describes some of the results from experimentghe observations and the model forecast. Compared with a
performed with the GOATS. We first examine how the meantypical value for the layer of-10 DU (see Table 1), the dif-
ozone O-Fs depend on parameterized chemistry and obsefferences between the mean-s in the two cases are rela-
vation biases. Then we examine how the SBR3 can be  tjvely small.
reduced with the addition of parameterized chemistry. Next
we examine how biases can affect photochemical parametes.1.1 Mean O-F
izations in which reference climatologies are updated adap-
tively using the assimilated fields from earlier times. Finally, This section examines how parameterized chemistry and data
we examine how improved mesospheric dynamics improvebiases affect the mean-&. We have found that early ver-
the ozone assimilation. sions of the SBUV/2 data were biased roughly 10% high

Atmos. Chem. Phys., 7, 2917-2935, 2007 www.atmos-chem-phys.net/7/2917/2007/
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Fig. 5. Comparisons of SBUV/2 layer 8, global averadajfistandard deviation ar@h) mean O-Fs (DU) for GOATS without (blue curve)

and with (red curve) an ozone photochemistry parameterization. A 2-day boxcar filter has been applied to the 6-hourly global-aksrage O

to reduce diurnal fluctuations, and the initial day is not plotted. The gray shaded regions denote the domain that is time averaged in later
figures. SBUV/2 layer 8 represents the vertically integrated ozone from 3.96-1.98 hPa, with an typical global average September value of
~10DU.

in the upper SBUV/2 layers. For example, Fig. 6 shows 15 ‘ — I —
layer 8 ozone as a function of latitude from two versions L 20020915 1
of SBUV/2 for 15 September 2002, along with zonal-mean
September values from the Fortuin and Kelder (1998) cli-
matology, which NOGAPS-ALPHA uses foy, in Eq. (1).

The latitudinal structures in the two SBUV/2 data sets are
very similar except for an offset, with n16v61814 match-
ing closely with the climatology and n16v61608 biased high.
We refer to the SBUV/2 version n16v61608 as “biased”, or
“high biased” in the discussions and figures below, though
for the following experiments we are only interested in the

=
o
T

n16v61608 ]

SBUV/2 Layer 8 Ozone (DU)

relative difference between the two SBUV/2 data sets and .
the NOGAPS-ALPHA climatology. We ran the GOATS in B
separate experiments using each data set. The high bias ofm I nl6v61814
the earlier version allows us to test how data biases affect the CHEM2D-OPP
mean O-Fs.
Figure 7 shows the mean layer 8-® time series for g
GOATS runs using the different SBUV/2 data sets. The oL L L \ A B
O—Fs with chemistry (Fig. 7a) are large for the n16v61814 -90 -60 -30 0 30 60 90
observations that are biased high with respect to the model Latitude

ozone climatology in Fig. 6. However, without chemistry _
(Fig. 7b) the mean OFs converge to near zero, indepen- Fig. 6. SBUV/2 layer 8 ozone observatlons (DU)_on 15 Septem-
er 2002 plotted as a function of latitude for versions n16v61608

dent of the input data bias. These latter results make sen .
. . lue curves) and version n16v61814 (red curves). Also plotted are
for global averaged fields because the forecast model withou

. . . . __corresponding, vertically-integrated over SBUV/2 layer 8, Septem-
chemistry can only change ozone mixing ratios by adVecuonber background ozone values, based on the Fortuin and Kelder

Ina glgbal average th?re is no net change due to horizontal gog) zonal-mean ozone climatology (yellow curve) used in the
advection and the vertical mass flux must average to zero. IEHEM2D-OPP scheme in Eq. (1); see Fig. 3a.

is still possible to change global average ozone if the verti-
cal ozone gradients are correlated with the vertical motion
(a non-zero global-mean vertical eddy ozone flux gradient),

www.atmos-chem-phys.net/7/2917/2007/ Atmos. Chem. Phys., 7, 2917-2935, 2007



2924 L. Coy et al.: Ozone assimilation

however, these changes are often small, as will be seen in Figures 9c and d plot the mean-®s averaged over the
the vertical profile plots below. Thus, in experiments with- equatorial region (betweett15° latitude). This time the

out ozone chemistry, the forecast model for global average®—Fs for the experiments without chemistry (blue curves)
ozone in a given layer is close to persistence (no net changare not constrained to be close to zero, as there can be a net
over the 6-h forecast), and each ozone analysis ratchets thedvective change in a localized region. Note that both blue
global averaged ozone closer to the global average of the obeurves (no chemistry run) in Figs. 9c and d are essentially the
servations, reducing the-cFs to near zero (Fig. 7b). In con- same, so that, as in the globally averaged case, the regionally
trast, for the experiments with chemistry, the model movesaveraged G-Fs are independent of the input data bias since
the global averaged ozone in the upper stratosphere closer equatorially averaged advection patterns are the same in both
the global average of the model ozone reference statar- experiments. This makes sense because the advection-only
ing each 6-h forecast. Thus, with chemistry, the assimilationozone forecast model depends only on ozone gradients, not
system is able to maintain a difference between the biasedn the mean ozone value. With the unbiased observations,
input data and the model forecast (Fig. 7a). the O-Fs with chemistry (red curve in Fig. 9d) move close to

While the global mean OFs without chemistry converge zero in layers 8-10 and again asymptote to the yellow curves
to the same near zero value regardless of the data biagt upper levels in both cases.
(Fig. 7b), the two ozone analyses are very different. Fig- Figure 10 uses the same presentation as Fig. 9 for the
ure 8 shows difference plots of the zonal mean analyses fogouthern and northern polar regions (upper and lower panels,
15 September 2002 for assimilations based on the two difrespectively). The southern polar region is very dynamically
ferent SBUV/2 data products in Fig. 6. The input data biasactive during this time period (Newman and Nash, 2005),
between these two experiments produces only a small differso it is not surprising that even with the unbiased input data
ence in the ozone analyses for GOATS runs with chemistry(Fig. 10b) the bias between the observations and the zonal-
(Fig. 8a), whereas the ozone analyses without chemistry inmean reference climatology (yellow curve) is not close to
corporate much of the bias evident in the original data inzero. Even so, the mean-&s improve significantly with
Fig. 6. the unbiased observations. Note that, unlike the global and

To assess changes at all the SBUV/2 layers, hereaftegquatorial averaged cases, the mean® with chemistry
O—Fs over the time period 10-30 September 2002 (shadeéf€d curves) in the southern polar region do not adjust com-
gray in Fig. 5) are averaged and plotted as vertical profilespPletely to the model chemistry. This is probably because
The vertical profiles are all normalized by the same mid-the southern polar dynamics are far from a zonal mean at
September SBUV/2 values (Table 1) to compensate for thdhis time. Surprisingly, even though regionally (not globally)
small absolute ©F values at upper levels. averaged and at a dynamically active time, the meair©

Figure 9 plots vertical profiles of mean ozone-Es aver- without chemistry in the southern polar region are very close

aged over 10-30 September 2002. When globally average[:? zero, indicating that the net advective ozone forcing in the
(Figs. 9a and 9b) the OF s without chemistry (blue curves) Modelis small here. The northern polar region shows an ex-
are close to zero, particularly in layers 7—10, and indepen2MPle where adding chemistry, in addition to unbiased input
dent of whether the input observations are biased (Fig. 9a) offata (Fig. 10d), significantly improves the mean s (red

not (Fig. 9b). The global bias in the input data can be seen byurve) over the case without chemistry (blue curve).
examining the yellow curves in Figs. 9a and b, which Sh°W3,1,2 Standard deviation of-cF

the difference between the observations and the September

zonal-mean ozone climatology, (see Fig. 3a). Since this Figure 5a showed some improvement in the SBFOwhen
ozone climatology is unchanged for the experiments Shownsing parameterized chemistry. Because dynamics are dif-
in Figs. 9a and b, differences in the yellow curve betweentgrent gt different latitudes, we expect the SB-Bwill de-

the two panels reflect the bias between the two SBUV/2 datj‘)end on latitude, and therefore this section focuses on the de-
sets. This dgta bias difference is mqstly confined to layers bendence of SD OF with and without parameterized ozone
and above since the yellow curves in layers 3-6 are almosppgtochemistry in equatorial and southern polar latitudes.
identical in Figs. 9a and b. In Fig. 9a the bias between Figure 11 shows the SD-CF in the equatorial region us-
the observation (n16v61608) and the model's ozone Clima-Ing the unbiased SBUV/2 data. We find that adding chem-
tology in layers 7-10 (yellow curve) is10-15%, while in  jstry reduces the SD ©OF in layers 8-12, with much of this
Fig. 9b the bias between the observations (n16v61814) anghqyction resulting from photochemistry reducing the fore-

the model's ozone climatology in layers 7-10 (yellow curve) -5st model variance: This can be seen by expanding tHe O
is less than 5%. As expected from Fig. 3b the fast photo 4tiance as:

-1
chemical time scale =—[M‘ ] at upper levels —— — —
30_3 o, pp, _ (O—F)*=0%+F*-2(0'F), 2)
relax the mean ©Fs with chemistry (red curves) in Figs. 9a
and b toward the chemistry’s reference state climatolggy where the primes denote fields after an area mean has been

(yellow curves) in the upper stratosphere. subtracted and the overbar denotes an area average. Dashed
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Fig. 7. Comparisons of SBUV/2 layer 8, global averaged meai#+©(DU) for GOATS runga) with and(b) without the ozone photochem-

istry parameterization (CHEM2D-OPP). The blue curves assimilated the high-biased (n16v61608) version of SBUV/2 observations. The red

curves assimilated the more recent SBUV/2 n16v61814 observations. A 2-day boxcar filter has been applied to the 6-hourly global average
O—Fs to reduce diurnal fluctuations, and the initial day is not plotted. The gray shaded regions denote the domain that is time averaged
and plotted in other figures. SBUV/2 layer 8 represents the vertically integrated ozone from 3.96—1.98 hPa, with a typical global average

September value o6f10 DU.
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Fig. 8. Differences in zonal-mean ozone analysis fields on 15 September 2002 between GOATS assimilations of high-biased SBUV/2
observations (n16v61608) and unbiased SBUV/2 observations (n16v61814) faiayumish and (b) without the ozone photochemistry
parameterization (CHEM2D-OPP). The contour interval is 0.1 ppmv.

curves in Fig. 11 show just the square root of the forecast More detail is given in Table 2, where values for each term
model variance(F’*)Y/2, for runs with and without chem- in Eq. (2) are calculated separately for layers 8-11. The vari-
istry (red and blue dashed curves, respectively). The obance,0”, of the SBUV/2 ozone observations, remains the
served reduction of model standard deviation is equal to thesame for the cases with and without chemistry. The variance,
reduction of SD G-F at layers 8-10, and this reduction of 72 of the 6-h model forecast is calculated by integrating
model standard deviation is even greater than the reductioghe forecast model over the SBUV/2 layers and interpolat-
ing the forecast model to the SBUV/2 observation locations,

of SD O—F for layer 11.
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Fig. 9. \Vertical profiles of ozone mean-€Fs expressed as a percentage relative to the nominal mean values in Table 1, averaged over
10-30 September 2002 with (red curves) and without (blue curves) parameterized ozone photochemistfg) #ld{g) show results

from assimilating the earlier (high biased) version of SBUV/2 observations (n16v61608)(lpl@sd (d) show results from assimilating

the more recent (unbiased) version of SBUV/2 (n16v61814). Plots (a) and (b) are global averages, plots (c) and (d) are equatorial averages
(15° S-1% N). Also plotted is the mean difference between SBUV/2 observations and the Fortuin and Kelder (1998) ozone climatology
(yellow curve) for the corresponding data sets and regions. The gray horizontal lines mark the boundaries of the SBUV/2 layers (Table 1)
labeled by the gray numbers on the right of each plot.

Table2. 10-30 September 2002 equatoriails® latitude) vari- then calculating the variance of thefse integrated and interpo-
ances.m 2 07 and D'F. Values in DU are scaled lated values. The covariano@’ F'), is calculated using the
by 10 for layer 11, 16 for layer 10, and 19for layers 8 and 9. ?Oer?:g/;[ti?aTSeasnd the interpolated and layer-integrated model

The most striking effect of adding chemistry to the assim-

2 2

Exp Layer (0-F)* 20'F"  F* 0 ilation system is the huge reduction of the forecast model

No Chem 11 17.79 1.81 18.70 0.90 variance. The covariance (which should be positive when
Chem 11 114 -0.05 0.19 0.90 the forecast and observations are correlated) is actually neg-

No Chem 10 1845 -0.51 17.74 0.20 ative (anticorrelated) without chemistry for layers 8-9. With

Chem 10 036 -0.03 013 0.20 chemistry, in layers 8 and 9, the (positive) covariance be-
No Chem 9 1113 -0.18 10.03 0.92 comes the same order of magnitude as the forecast model

Chem 9 0.69 0.72 0.49 0.92
No Chem 8 46.65 541 36.83 441
Chem 8 7.62 154 475 441

and observation variance, thereby reducing via Eq. O
variance in those layers.

Also plotted in Fig. 11 is the standard deviation of the ob-
servations(0”*)Y2 (black curve). As seen in Fig. 11 (and
the variances in Table 2), the SD-® is larger than the SD O

Atmos. Chem. Phys., 7, 2917-2935, 2007 www.atmos-chem-phys.net/7/2917/2007/
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Fig. 10. Vertical profiles of ozone mean-cFs averaged over 10-30 September 2002 with (red curves) and without (blue curves) param-
eterized ozone photochemistry. Pl¢& and(c) show results from assimilating the earlier (high biased) version of SBUV/2 observations
(n16v61608); plotgb) and(d) show results from assimilating the more recent (unbiased) version of SBUV/2 (n16v61814). Plots (a) and
(b) are averaged from 96—60 S, plots (c) and (d) are averaged fron?#8-9C° N. Also plotted is the mean difference between SBUV/2
observations and the Fortuin and Kelder (1998) zonal-mean ozone climatology (yellow curve) for the corresponding data sets and regions.
The gray horizontal lines mark the boundaries of the SBUV/2 layers (Tghébeled by the gray numbers on the right of each plot.

in layers 8-12 for the experiment without chemistry. This mum and minimum values over the field of 1.74 ppmv, about
means that a “flat” forecast, one without variance, would half of the range without chemistry. In agreement with
yield a better SD GF (it would equal SD O in that case) Fig. 11, which shows a decrease of about a factor of 3 in
than using the no chemistry forecasts. For the chemistry runtime-averaged standard deviation of the ozone forecast for
the SD O-F is about the same as SD O for layers 6-12, withlayer 9 when adding chemistry, the standard deviation of
slightly lower values in layers 8 and 9. However, the equa-ozone along the equator at this one time in Fig. 12 decreases
torial region does not feature such large-amplitude planetarfrom 0.33 ppmv to 0.11 ppmv when chemistry is added. Note
scale zonal ozone asymmetries found in the winter extratropthat the large amount of small-scale structure in the forecast
ics, and therefore these SD-@® values are less than 5% for ozone fields without chemistry (Fig. 12a) is likely a conse-
layers 6-11. quence of the GOATS cycle (Fig. 1), in which the model is
These differences in forecast variance can be seen in th(éontinually adjusting to the 6 hourly re-initialization.

forecast ozone fields themselves (Fig. 12). Without chem- Figure 13 plots the SD ©OF and the SD O for the south-
istry (Fig. 12a), the ozone field shows much more small-ern polar region: Note the change in scale from Fig. 11. This
scale structure and higher variability, with a difference be-period corresponds to the Southern Hemisphere’s only ob-
tween the maximum and minimum value over the field of served major warming and so, not surprisingly, ozone shows
3.38 ppmv; with chemistry (Fig. 12b), the ozone field is large variance, especially in the lowest layers. At layer 3 the
noticeably smoother with a difference between the maxi-SD O—F is 20% compared to the SD O of near 75%. The

www.atmos-chem-phys.net/7/2917/2007/ Atmos. Chem. Phys., 7, 2917-2935, 2007
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Fig. 11. Vertical profiles of the standard deviation of ozone s, ‘ ‘ :
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[(0O—F)"*1Y/2, averaged over 10-30 September 2002 and within ’ Longtude

+15° latitude with (red curve) and without (blue curve) parame-

terized ozone photochemistry. Both curves result from assimilat-Fig- 12. Ozone (ppmv) at 1.65 hPa taken from a 6-h forecast valid
ing the unbiased SBUV/2 observations. The corresponding colore®n 24 September 2002 for GOATS experiments(@)without and

dashed lines plot the standard deviation of the ozone forecast in(P) With an ozone photochemistry parameterization. The contour
interval is 0.25 pppmv. Darker contour curves are drawn at 4, 5,

terpolated to the observation Iocationg)l/z. The dashed lines
and 6 ppmv.

are often close to the corresponding scp[i(f?—F)’z]l/2 curve. The
black curve plots the standard deviation of the SBUV/2 observa-
tions, (0’2)1/2. The solid red curve lies beneath the black curve
at layers 11 and 12. The gray horizontal lines mark the boundarie

of the SBUV/2 layers (Table 1) labeled by the gray numbers on the o ]
right of each plot. Geer etal. (2007) used an ozone assimilation system to inves-

tigate how different ozone photochemistry schemes affected
model forecast acts to keep the SB-Bbelow the SD O for  the quality of their ozone analyses. In some photochem-
all layers for the chemistry experiment, while the SB-B istry schemes, they found systematic differences between the
of the experiment with no chemistry is greater than the SD Oscheme'’s pre-specified zonal-mean reference states in Eq. (1)
only at layer 12. Like the equatorial region, the addition of and those corresponding zonal means of the GCM forecasts
chemistry lowers the value of SD-F in the upper layers and assimilated observations. These mismatches produced
(10-12) due to a reduction of the standard deviation of thesignificant errors and biases in their final analyzed ozone
forecast model variance (SD F). In addition, the model withfields. These problems originate from assimilating unbi-
chemistry has somewhat smaller SB-Bs in layers 7 and 8 ~ ased 0zone observations using a biased ozone forecast model.
due to higher covariances in those layers (not shown), suglh previous sections, we considered the opposite problem
gesting that, in addition to reducing SD F, adding chemistryof assimilating biased observations using a largely unbiased
has improved the forecast to better match data variations. 0zone forecast model.

Looking at the southern polar region in Fig. 12, it can To remedy their problems, Geer et al. (2007) recom-
be seen that without chemistry (Fig. 12a), passive advectiomended that attention be paid in future work to making
forms ozone filaments with sharp gradients, such as the onthe reference states of the chemistry schemes more consis-
near 240 E and 78 S. With chemistry (Fig. 12b), the same tent with those of the GCM and assimilated observations,
filament is much broader, with much weaker gradients and and specifically recommended that assimilation system use
smaller dynamic range. The slightly smaller, time-averagedan ozone reference statg based on the assimilated ozone
SD O-Fs with chemistry (Fig. 13) show that photochemical data. This latter recommendation makes intuitive sense, as
smoothing of filamentary structures such as these generallit forces the chemistry in Eqg. (1) to linearize about refer-
yields better fits to the observations in the southern polar reence states specified by the latest objectively analyzed ob-
gion, even during this dynamically active time. servations, rather than about internal reference states that are

S3.2 Adaptive photochemistry
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Fig. 13. Vertical profiles of the standard deviation of ozone s

averaged over 10-30 September 2002 and fromB®C S with Fig. 14. Same as Fig. 7a with the addition of results taken from a

(red curve) and without (blue curve) parameterized ozone photoGOATS run using CHEM2D-OPP modified to incorporate adaptive

chemistry. Both curves are based on the unbiased SBUV/2 obphotochemical reference states for ozone and temperature (green

servations. The black curve plots the standard deviation of thecurve).

SBUV/2 observations;0’*1%/2. Note the change in x-axis scale

from Fig. 11. All curves are normalized by the layer values in Ta- Here ¢ is latitude, p is pressure,At=6h, ¢ is the cur-

ble 1. The gray horizontal lines mark the boundaries of t_he SBUV/2rant analysis time, and,, can be viewed as (roughly) the

layers (Table 1) labeled by the gray numbers on the right of eacrhumber of Ar=6 h analysis increments over which to apply

plot. the recursive average. For the runs here, we chigse4
(JayAt= 24 h). For a cold startt£0), the initial condition

. . . . we use at the first time stepig=r*" andT,=T".
completely independent of (and possibly biased with respect Only the state from the previous 6h analysis,

to) those observations. Thus, in this section we use GOATS ( i—A1), is read in and used by this averagin
to test the Geer et al. (2007) recommendation by allowingther" ¢’.p’ el . _used by thl ging
Igorithm. While this greatly simplifies the implementa-

ozone and temperature reference states used by CHEM2 fion in NOGAPS-ALPHA, the drawback is that the time

OPP in Eqg. (1) to continually adjust to new values based . . ) . .
. averaging window is a decaying exponential, rather than a
on zonal-mean GOATS ozone and temperature fields at re- : . :
- . sharp boxcar-like function between times(J,,—1)Ar and
cently analyzed times. We refer to these GOATS experiments
Nonetheless, the value df,, does control the temporal

. . r.
as runs using “adaptive” (as opposed to “standard” or “non- . . .
adaptive”) ozone photochemistry. decay rate of this exponential, and hence the width of the

our initial imol tati f thi t for testi time averaging window. Since NOGAPS-ALPHA saves (and
_Lur infial impiementation ot this concept Tor 1esting ¢ ¢an restore) both the zonal mean and reference state
in GOATS is as follows. At the start of each forecast

S o ' fields from all the previous runs, much more sophisticated
NOGAPS-ALPHA takes its initial state(7), regrids it from time averaging algorithms for these adaptive reference states
model levels onto reference pressure levels, then comput

es . .
. ) ) ould be devised and implemented. However, to demonstrate
their zonal means” and T*". Since a single 6 h analy- P

is field tain hiah-f iabilit and test the concept in GOATS, we settled on the simplicity
sis field can contain high-frequency variability, we average ¢ 4. by Egs. (3) and (4).

zonal mean estimates from a number of earlier GOATS anal-

ysis times using the following recursive time-averaging pro- Nott_e that the photofchetmlctafl_ rle(;‘erfencetshtagg)i?s atl'eh
cedure, which blends the previous values of these referenc ow time averages of output Tields from the - 1hus,

states with these latest zonal means: the photocher_nistry is slaved to lthe GOATS output, and the
two are now tightly coupled. With, now set,X%, is com-
1 om puted at each model time step by vertically integrating the
)r"(d” p =MD+l @ p.0. B) L orofile at each location, and the pressure-gridded values
Jay — 1 of (r,, T,, ¥,) are interpolated at each model time step and
» ) To(p. p.t—AD+IT (¢, p.1).  (4) location to the model’s hybriet—p vertical levels.

Jaw—1
ro(¢, p, )= 7

av

To(¢,17,t)=<
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T analyses in GOATS. Adaptive photochemistry reduces the
20021102 . mismatches between ozone observations and the photochem-
ical reference states (Fig. 15), which in turn reduce mean
O—Fs (Fig. 14). Thus, as suggested by Geer et al. (2007),
when the original photochemical reference states are biased
high or low, adaptive photochemistry should improve ozone
analyses at higher altitudes when assimilating largely unbi-
ased ozone (and temperature) data. However, our results re-
veal a disadvantage of adaptive photochemistry when assim-
ilating biased ozone data. In this case, the adaptive photo-
chemistry incorporates this observational bias into its refer-

15

SBUV/2 Layer 8 Ozone (DU)

sl n16v61608 ence stat_es (Fig. 15), and heljce into the ozone forecasts, so
that the final ozone analysis fields retain some of the obser-
1 vational biases (Fig. 14). By contrast, earlier GOATS ex-
CHEZD'OPP 1 periments that used an internal unbiased photochemical ref-
Adaptive ] erence state were able to correct these observational biases
L i during the forecast stage to yield a more unbiased ozone
| I T T analysis (see Figs. 7, 8a and 14). Thus, systems continu-
90 -60 -30 0 30 60 920 ally assimilating ozone and temperature data that are prone
Latitude to sudden offsets or slow drifts may be better off using non-

adaptive photochemistry to maintain forecast reliability, and
Fig. 15. SBUV/2 layer 8 ozone observations (DU) on 2 Novem- using mean G-Fs to monitor the system for these input data
ber 2002 plotted as a function of latitude for version n16v61608 pjases as in Fig. 14. On the other hand, systems assimilat-
_(blue curves). Also plotted are the corresponding, vertically- ing ozone and temperature data whose precision and accu-
integrated over SBUV/2 layer 8, background ozone valugs,  racy are both high and stable may benefit by using adaptive
based on the Fortuin and Kelder (1998), zonal-mean ozone CIImE:‘gbhotochemistry schemes. All these results reinforce the gen-
tology (yellow curve), and the 2 November 2002 adaptive referenc .
state (red curve) used to specify the CHEM2D-OPP relaxation termeral point made by Gee_r et al._ (2(_)07) and others (e.g., RO.Od'
in Eq. (1). 2005; Dee, 2005) that biases in either the ozone observations

or the ozone forecast model can affect the performance of an

ozone assimilation system.

Figure 14 shows the time series of the global averagecb 3 Dependence on upper boundary
SBUV/2 layer 8 mean OF results as in Fig. 7a with the ad-

dition of the corresponding results from the experjment using,, this section we examine the dependence of the ozone as-
the adaptive ozone and tempgrature photochemlcal ref,eren(‘s‘?milation on the upper boundary formulation. We present
states (3) and (4). This adaptive experiment was run with thg .q ,its in which the model forecast dynamics near the

high-biased SBUV/2 data, n16v61608. The change from th&atonause were degraded through changes in the initial me-
blue curve to the green curve shows the reduction in mea'?eorological fields used for the 6-h forecast.

O—F that occurs as the photochemistry adapts to the obser- As described in Sect, in initializing the NOGAPS-

vations by adqut_ing_ the reference states. After two mo.thALPHA GCM for each 6-h forecast we used analyzed me-
of 6-hourly assimilation cycles, our test method of modifying orological fields (from NAVDAS and GEOS4) up to a cer-

the ozone and temperature climatology has not yet reduce{:gin level, which were then progressively blended with cli-
the glqbal mean QF.,S to zero. However, the_ mean-&s atology above. We ran the GOATS in two configurations:
may sill be _decreasmg SIOWW’ and the value.|s less than hal ne with that transition at 0.2 hPa (the highest pressure level
that of the biased data run without the adaptive algorithm. available from the GEOS4 analysis) and a second with a de-
Figure 15 shows how the adaptive ozone reference statgraded set of initial conditions, in which that transition alti-
(3) (red curve) has changed from the value it has in the nonyyde was lowered to 1 hPa. These two experiments also dif-
adaptive case (yellow curve) by the end of the run (2 Novem-fered in the way the dynamical fields were initialized: for the
ber 2002). The adaptive ozone reference state values agg2 hpa case the NOGAPS-ALPHA non-linear normal mode
larger at all latitudes and better match the latitudinal struc-jnitialization (NNMI) scheme was used, while for the 1 hPa
ture of the observations (blue curves). The adaptive 0zongase, the NNMI was deactivated. Thus, the run with the
reference state remains slightly smaller than the observationgore realistic winds near the stratopause also benefited from
in agreement with the non-zero mean-Bs seenin Fig. 14. 3 more dynamically balanced initial state produced by the
These results show that the adaptive ozone photochemNNMI. These initial conditions are used, not just at the start
istry, as initially implemented here, produces realistic 0zoneof the experiment, but at the start of every 6-h assimilation
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Fig. 16. Global(a) standard deviation ant)) mean ozone ©Fs averaged from 10-30 September 2002 normalized by the average SBUV/2
ozone for mid-September 2002 (Table 1) and expressed as a percent, plotted as a function of pressure. Both experiments are based on tt

unbiased SBUV/2 observations (n16v61814). The gray horizontal lines mark the boundaries of the SBUV/2 layers (Table 1) labeled by the
gray numbers on the right of each plot.

cycle. Both of these experiments were run without chemistrydata biases, and of improving the meteorological initializa-
to focus on changes to the dynamics. tion at upper levels. Both mean and SB-Bs were plotted

Figure 16 shows the vertical structure of the-Bs aver-  as functions of time, SBUV/2 layers, and latitude regions,
aged from 10-30 September 2002. The mearFQesults illustrating the dependence of the-® statistics on assimi-
for the 0.2 hPa interface experiment (red curve, Fig. 16b)lation system changes.

are from the same experiment as shown in Fig. 9b. Using oyr “standard” ozone photochemistry parameterization
a more realistic meteorological initialization field from 1- \yas the linearized CHEM2D-OPP scheme in which the refer-
0.2hPa improves the global SD-&s at SBUV/2 layer 8  gnce statesy, 7,, ¥,) were specified using long-term obser-

and above (Fig. 16a). Aot layer 12 the St"’(‘)“dard deviation isational climatologies (see Fig. 3a). Results show that adding
reduced from almost 80% to less than 30%. Most of this re-js narameterized ozone chemistry to the assimilation sys-

duction is due to the reduction in variance in the ozone fore+em can stabilize the ozone DAS at upper levels to drifts or

2 . .
cast model,F". While the most dramatic change brought piases in input data. The zonal mean assimilated ozone in
about by the new initial conditions is in the standard devia- oaTS runs with chemistry (Fig. 8a) remained relatively
tion, the mean ©Fs (Fig. 16b) are also improved in levels nchanged when fed with either the biased or unbiased set
9, 10, a(?d 12. The mean-F is very small in level 8 and ot SBUV/2 observations. This is because, in the ozone pho-
about 5% larger in level 11, where the sign of the mean isyochemistry parameterization, the second term on the right-
changing W_|th altltud_e_. Thus, although the changes in initial,5nd-side (RHS) of Eq. (1) is directly proportional to ozone,
meteorological conditions were at 1 hPa and above, chang&g contrast to the ozone advection term which is proportional
are seen down to 4hPa in the ozone k. only to ozone gradients. Thus, the ozone forecast model with

These results highlight the importance of developing ac-chemistry is able to directly force mean ozone through the
curate 3-D meteorological initial conditions to altitudes well gecond term on the RHS of Eq. (1), whereas the advection-

above the altitude of interest for the ozone assimilation. only ozone forecast model can only produce mean ozone

changes through eddy ozone fluxes or mean ozone gradients,
4 Discussion tnuedlteher of which depend on the overall mean ozone magni-

The GOATS combines the GEOS ozone DAS, NO- This difference between advective and photochemical ten-
GAPS/NAVDAS meteorological analyses, and NOGAPS- dencies can be especially dramatic when examining global
ALPHA forecast model into a useful prototype system for mean quantities, where globally-averaged advection pro-
testing several aspects of ozone data assimilation. Here wduces only a globally-averaged vertical eddy flux conver-
examined the effects of adding an ozone chemistry paramegence tendency. Advection only runs can often produce rela-
terization (both “standard” and “adaptive”), of observational tively small global mean ozone tendencies (compared to the
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ozone tendencies provided by the observations) and thereforttiese biases will be incorporated into the final ozone analysis
the global mean ozone produced by the ozone DAS unde(Fig. 8b). Using “standard” linearized photochemistry, ozone
these conditions tends to draw strongly to the mean of theat the levels where photochemistry is important can show
observations (Fig. 8b). The corresponding k> tend to be  the development of ozone observation biases in the global
small in this case (Fig. 7b). mean O-F (Fig. 7a) while at the same time maintaining more

This leads to the general data assimilation question of howstable well-performed ozone analysis fields (Fig. 8a). Exper-
to interpret the mean ©Fs of a state quantity (such as global iments with a preliminary “adaptive” linearized photochem-
averaged layer ozone) when that state quantity’s model foreistry fall between these two limits (Fig. 14), showing some
casted value is so tightly coupled to the observations (as irthemical change but building observational bias into the pho-
the global average of an advection-only ozone model) thatochemical reference state (Fig. 15) and thus into the ozone
the forecast is no longer providing an independent estimat@analysis fields.
of that quantity. Mean ©Fs that are independent of data  Of course, with or without chemistry the ozone DAS will
biases (for example, Fig. 7b) are a symptom of a model foreshow a jump in mean ©OFs if the input observations change
casted value that is overly dependent on the observations. lauddenly (e.g., a step function jump with chemistry; a spike
this case, the model is no longer adding significant informa-followed by an exponential decay without chemistry). This
tion about the value of that quantity to the data assimilationagrees with the global mean-@& time series shown in Sta-
process, allowing that quantity’s value to asymptote to thejner et al. (2004) for SBUV/2 layer 5, where a spike fol-
observations. In such a situation the meanK3 can be lowed by a decay occurred coincident with a SBUV/2 in-
very small because the assimilation system lacks indepenstrument calibration change. In Stajner et al. (2004) both the
dent model input on this quantity, however, these small mearexperiments with and without chemistry showed a spike fol-
O—Fs can be misleading if this “null” model result is misin- lowed by a decay, presumably because the chemistry param-
terpreted as a well-tuned predictive model result. eterization used does not play a large role in layer82—

Adding physics (such as parameterized chemistry) that cai6 hPa), where photochemical timescales are long (see, e.g.,
directly affect the global average of a state quantity to a fore-Fig. 3b). While the best way to monitor input data biases
cast model yields an independent estimate of this global averis to look at off-line observation minus climatology statis-
aged state quantity to the DAS. The global meanF will tics (like the yellow curves in Figs. 9 and 10), when the cli-
often increase (slightly for a well-tuned model, see Big) matological statistic can be built into the assimilation cycle
over those generated by a “null” model, however, this in-through the standard chemistry parameterization’s reference
crease (if not too large) is acceptable if the model with state, the assimilation’s operationally generatedFd can
physics has improved the SD-@ significantly. In addition  provide a convenient and reliable monitoring proxy at levels
the model with physics is how contributing useful informa- where photochemical time scales are short (the red curves in
tion to the DAS about these global mean quantities. Figs. 9 and 10).

The situation is somewhat similar for the polar and equa- Our GOATS simulations have highlighted how the
torial mean G-Fs in that without photochemistry the mean CHEM2D-OPP standard photochemistry parameterization in
O-—Fs are nearly independent of the data bias (compare th&q. (1) yields an ozone assimilation that is more robust to any
blue curves in Figs. 9c and d; Figs. 10a and b; and Figs. 10sudden anomalies, drifts or biases in the input observations
and d). The regional mean-&s without photochemistry (see, e.g., Fig. 8). This useful property of the parameterized
asymptote to the model’s net advective flux convergence forchemistry in our GOATS runs was aided by using a reference
the region. The ozone tendency from this regional net advecezone stateg (Fig. 3a) that was based on long-term SBUV
tive flux convergence balances the ozone tendency produceszone measurements (Fortuin and Kelder, 1998), and thus
by the mean G-Fs. Note that the regional net advective flux provided a reliable measure of typical SBUV ozone values
convergence depends only on ozone gradients making it inanticipated within each layer (see Fig. 6). Thus, in addition to
dependent of mean biases. Thus, without chemistry regionalising a chemistry scheme like CHEM2D-OPP with reliable
mean G-Fs will only be close to zero for regions when the photochemical inputs, our work has shown that the choice
net advective flux convergence is near zero. In the atmoof its reference state climatologies and Ty is also impor-
sphere these regional net advective flux convergences are ofant. Ideally, the ozone reference stageshould be a long-
ten balanced by photochemistry, and in an ozone DAS withterm observational mean of all the different types of ozone
photochemistry the regional mean-®s can be near zero observations currently entering the assimilation, so that it in-
without requiring the regional net advective flux convergencecorporates to some extent the typical vertical and horizon-
to be near zero (for example, Fig. 10d, in layers 8-10). tal resolution of the input ozone observations. For exam-

The mean G-F results reported here also give guidance ple, if future GOATS experiments were to assimilate higher
to the monitoring of an ozone assimilation system. With- vertical-resolution ozone limb data such as from HALOE,
out a chemistry constraint, gradual changes in observatioMLS, or MIPAS (e.g., Wargan et al., 2005), the GOATS as-
biases cannot be detected in the global mean 0zoRESO  similation of these data would likely work better by replac-
(Fig. 7b) or regional mean ozone-®s (Figs. 9 and 10) and ing the SBUV-based reference state used here with a new
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reference climatology, based on long-term data from these least in the upper stratosphere) with more forecast model dif-
instruments (e.g., Grooss and Russell, 2005). fusion to damp spurious small-scale dynamics (see below).
We have also used the GOATS to test the ability of “adap- GOATS runs were also used to investigate the role of
tive” linearized ozone photochemistry, in whieh and 7, upper-level meteorological initialization on ozone assimila-
adapt over time to reflect zonal means of ozone and temperdion. Since GOATS re-initializes every 6 h, blending the op-
ture from GOATS runs at recent times, to reduce biases in the@rational NOGAPS/NAVDAS and GEOS4 upper-level me-
mean ozone OFs. Results show a significant reduction in teorological analyses with wind and temperature climatolo-
the global mean ©Fs (Fig. 14) and a stable ozone reference gies above, the potential for dynamical imbalances and poor
state closer to the observations (Fig. 15). Thus, the use ofr excessively noisy model transport exists. Such problems
adaptive photochemistry climatologies is a viable option forare ameliorated by making the transition to climatology as
improving the mean assimilation at the expense of increasetligh as possible and performing nonlinear normal mode ini-
sensitivity of the ozone assimilation to data drift coupled with tialization to enforce dynamical balance and minimize spu-
decreased sensitivity of the mean-6s to data drift. An  rious generation of gravity waves which add “noise” to the
adaptive formulation may be particularly useful when assim-forecast (Fig. 16). However, there is some evidence that the
ilating new instrument observations with high precession anddynamical adjustment to the upper level wind and temper-
accuracy, minimal drifts, and for which a long-term clima- ature climatologies may still be degrading the GOATS re-
tology has yet to be formulated. The ozone assimilation withsults at the upper levels. For example, the large SEF®
adaptive photochemistry will then reflect the instrument bi- are seen at upper levels when GOATS is run without chem-
ases, if any. istry (Figs. 11 and 13), as well as the somewhat anomalous
A possible problem with the adaptive formulation is that mean O-Fs found in layer 12 (Figs. 9 and 10). Diurnal photo-
the photochemistry climatologies will depend on the both thechemistry, which CHEM2D-OPP does not currently contain,
forecast model dynamics and the observations. In Fig. 13nay also affect layer 12.
there is an increase in latitudinal structure of the adaptive
ozone reference state compared with the non-adaptive refer- .
ence state and the observations, that is likely a consequence Conclusions

of the model dynamics. In the example in Fig. 15, the ad- . . .
ditional latitudinal structure in the adaptive ozone rel‘erence(';o'a‘-rS has provided an oppor tunity to study the pasm fea-
res of ozone data assimilation and the properties of the

; - tu

state is not large enough to be a problem and the adaptiv : . } .

ozone reference state at all other levels was found to be stab —Fs it generates. We plan to use this experience W.'th
OATS as guidance in developing ozone data assimilation

(not shown). However, at upper levels especially, the model’s .
artificial upper boundary condition may create an unstable ol @ NOGAPS-ALPHA/NAVDAS environment. The -€F

unrealistic climatology, especially if the data uncertainty is :ﬁs't?”nalz’ Wg'tletf’rov'g”}g Cror(;venlent 2n<: vr:;y ruseftrjrl1|r;fohr- i
large in those regions, ation, need to be considered as a part of a more comprehe

The SD O-Fs with and without chemistry show that sive evaluation of an assimilation system and its components

chemistry can improve the ozone forecast model in tWObased on comparisons with high quality independent obser-
ways: y P vations. While GOATS is concerned with ozone assimilation

and photochemistry, the results presented here apply quite
ngenerally to any constituent assimilation in which chemistry

1. by substantially reducing the ozone forecast variance i . T )
y y g or microphysics is added to an advection model.

models where the ozone forecast variance is likely too I _
high (Figs. 11 and 13) nsummary:

1. Zonal mean ozone analyses are more independent of ob-
servation biases and drifts when using an ozone photo-
chemistry parameterization (OPP) at altitudes above the
middle stratosphere where the ozone photochemical re-
laxation rates become fast.

2. byincreasing the covariance between the ozone forecast
and the observations (Table 2).

The high variance in ozone seen without chemistry is
due to vertical advection by resolved gravity waves (see

Fig. 12a, especially in the tropics) and horizontal advection 2 Mean ozone OFs are more sensitive to observation
by planetary-scale waves (seen in the southern polar regionin  grifts when using an OPP at altitudes above the middle

Fig. 12a). Chemistry in the upper stratosphere reduces these stratosphere where the ozone photochemical relaxation
advectively created gradients via photochemical relaxation,  rates become fast.

producing better agreement with the observations. For mon-

itoring and analysis it may be useful to plot or state the value 3. Ozone SD G-Fs are reduced in the upper stratosphere
of the observation standard deviation as a sensible upper limit ~ when using an OPP due to a reduction of forecast model
to the desirable SD OF. If the SD O-F is greater than the noise and to increased covariance between the forecast
SD O, then the ozone DAS can probably be improved (at model and observations.
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