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Abstract. The new CHEM2D-Ozone Photochemistry Pa- and lower mesosphere-60-65 km). Some have also added
rameterization (CHEM2D-OPP) for high-altitude numeri- stratospheric ozone P as a prognostic trace constituent
cal weather prediction (NWP) systems and climate mod-to their models. Examples include the Integrated Forecast
els specifies the net ozone photochemical tendency and itSystem (IFS) of the European Centre for Medium Range
sensitivity to changes in ozone mixing ratio, temperatureWeather Forecasts (ECMWR)(tch et al, 1999 Dethof and
and overhead ozone column based on calculations fronHolm, 2004, the Global Forecast System (GFS) of the Na-
the CHEM2D interactive middle atmospheric photochemicaltional Centers for Environmental Prediction (NCEP 2003),
transport model. We evaluate CHEM2D-OPP performancethe Goddard Earth Observing System (GEOS) of NASA's
using both short-term (6-day) and long-term (1-year) strato-Global Modeling and Assimilation Office (GMAOB¢ajner
spheric ozone simulations with the prototype high-altitudeet al, 2001 and the prototype Navy Operational Global At-
NOGAPS-ALPHA forecast model. An inter-comparison of mospheric Prediction System-Advanced Level Physics High
NOGAPS-ALPHA 6-day ozone hindcasts for 7 February Altitude (NOGAPS-ALPHA) Eckermann et al2004).

2005 with ozone photochemistry parameterizations currently The addition of stratospheric ozone as a prognostic vari-
used in operational NWP systems shows that CHEM2D-OPRable is expected to improve overall forecast skill since global
yields the best overall agreement with both individual Aura NWP systems depend on assimilation of satellite-based tem-
Microwave Limb Sounder ozone profile measurements ancherature measurements to provide accurate initial conditions.
independent hemispheric (E®0 N) ozone analysis fields. These initial conditions are based on inversions of raw radi-
A 1-year free-running NOGAPS-ALPHA simulation using ance measurements that in turn depend on a priori specifi-
CHEM2D-OPP produces a realistic seasonal cycle in zonatation of the atmosphere’s radiative transmission character-
mean ozone throughout the stratosphere. We find that thistics. Accurate stratospheric ozone forecasts can therefore
combination of a model cold temperature bias at high lati-lead to improved operational radiance assimilatiberper
tudes in winter and a warm bias in the CHEM2D-OPP tem-and Wy 1998 John and Buehlg2004), improved upper tro-
perature climatology can degrade the performance of thgospheric and lower stratospheric winds through correlations
linearized ozone photochemistry parameterization over seabetween ozone and dynamideuch et a).2000, and im-

sonal time scales despite the fact that the parameterized temproved radiative heating rates in NWP modelagkson and
perature dependence is weak in these regions. Saunders2002.

With the extension of NWP/DA systems into the upper
stratosphere, assimilation and advection alone cannot yield
1 Introduction accurate ozone forecasts — photochemical effects must also
be included. Due to the complexity of ozone photochem-

In recent years, the world's leading meteorological centersStY: it is not currently feasible to implement full ozone
have extended the vertical range of their numerical weathePotochemistry within a high-resolution operational global
prediction (NWP) and data assimilation (DA) systems from NWP system. Instead, photochemical production and loss

the surface up through the stratospher&@-50 km altitude) rates for ozone are often specified using simpler parameteri-
zations based on output from offline zonally averaged two-

Correspondence tal. P. McCormack dimensional (2-D) models with complete photochemistry.
(john.mccormack@nrl.navy.mil) Until recently, the NASA GEOS and the NCEP GFS ac-
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4944 J. P. McCormack et al.: CHEM2D-OPP linearized ozone photochemistry

counted for ozone photochemistry using production and los CHEM2D ozone photochemistry
rates from the NASA Goddard Space Flight Center (GSFC)
2-D middle atmosphere modeFleming et al, 200). As 2.1 Background
we will show, this method can produce significant low biases
in model 0zone compared to observations in the middle and' he distribution of ozone throughout the middle atmosphere
upper stratosphere over a 6-day period. To remove such bit~10-85km) is determined by the balance between trans-
ases in NASA GEOS analyseRi{shggaard et 312000, the port effects and the rates of photochemical productiBh (
GSFC production rates have been adjusted to force modetnd 10ss L). Ozone production occurs through a 3-body re-
ozone to relax towards an observed 2-D ozone distributiorCtion involving molecular oxygen pand atomic oxygen
(Bloom et al, 2005. (O). Ozone loss can occur through photolysis and through
Other meteorological centers such as the ECMWF have complex set of reactions involving atomic oxygen and ox-
incorporated a more detailed ozone photochemistry paramddes of hydrogen (HgQ), nitrogen (NQ), chlorine (CIQ,),
terization in their NWP and DA systemBéthof and Holm and bromine (BrQ). This set includes reactions with very
2004. The ECMWF parameterization is based on the for- fast and very slow rates, and there is a rapid cycling between
mulation ofCariolle and qLé (1986 (hereafter CD86) and stratospheric ozone and atomic oxygen. These properties
specifies not only the net photochemical tendency, but alsgha@ke this system difficult to solve simultaneously for both
takes into account the effect of changes in the local mix-O3 and O. To aid in the numerical solution of this system,
ing ratio, temperature, and overhead ozone column, the lat IS common to develop solutions in terms of “odd oxygen”,
ter being a proxy for changes in the incident photolyzing Ox (e.g.,Brasseur and Solomph986, whose concentration
UV irradiance. A preliminary inter-comparison of ozone is defined as the sum of the concentrations gb@d various
photochemistry schemes in the NOGAPS-ALPHA model forms of O. Similarly, the N, CIOy, and BrG radicals can
(McCormack et al. 2004 found that the original CD86 be regarded as short-lived members of larger families of total
scheme (hereafter CD86 V1.0) consistently produced ozonéeactive nitrogen (N¢), chlorine (CY), and bromine (By).
distributions with weaker zonal structure at northern mid- ~ Throughout the stratosphere, the majority of odd oxygen
latitudes than was observed, a feature also seen in operationi in the form of Q. The photochemical relaxation time for
ECMWEF IFS ozone forecasts. A recent study®ger etal.  0dd oxygenzo,, in the lower stratosphere (below 30 km) is
(20063 also identified problems with the column sensitiv- Weeks to months, which is long compared to typical time
ity term in the CD86 parameterization that affected modelegscales for horizontal and vertical transport. Thys(@nd by
lower stratospheric ozone values primarily at high southerr€Xtension, @) in the lower stratosphere can be considered a
latitudes in springtime. passive tracer in numerical simulations over periods of days
Although more detailed evaluations of prognostic ozoneto weeks. Above 30 knro, is on the order of several days or
in NWP/DA systems are needed, the evidence to date indil€Ss and thus photochemical processes become progressively
cates that current methods used to parameterize ozone phiore important than transport effects with increasing height.
tochemistry in such systems need improvement. This arti- We define the local photochemical tendency of strato-
cle introduces a new high-altitude, self-consistent, compu-SPheric ozone as the difference between the production and
tationally efficient ozone photochemistry parameterization!0ss rategP—L). In CHEM2D-OPP(P—L) is derived from
that corrects some of the problems in existing operationathe odd-oxygen production and loss rates computed with a
systems that assimilate and forecast ozone using the afor@hotochemical model, then scaled tiy-p)~*, where is
mentioned schemes. Section 2 presents a derivation of thie partition ratio between the concentrati¢@§ and[Os],
photochemistry parameterization and describes how its cot0 convert from an odd-oxygen net rate to an ozone net rate.
efficients are computed using the CHEM2D photochemical We nextassume thaP —L) is primarily a function of only
transport model. Section 3 describes the NOGAPS-ALPHAthree environmental variables: the local ozone mixing ratio,
NWP model used to test the photochemistry parameterizat, the local temperatur€, and the overlying ozone vertical
tion. Section 4 presents results from several different sets ofolumn densityX. The local time rate of change of ozone
numerical simulations to demonstrate the performance of thénixing ratio due to photochemistry is then
new parameterization in both NWP and climate modeling ap- -
plications. Section 5 summarizes these results and discusses- = (P — L)[r, T, X]. D)
plans for future development of the photochemistry scheme.
Implicit in this assumption is the fact that the concentra-
tions of chemical families such asyCINOy, and By vary
slowly enough to be considered constant, and thus their con-
tribution to changes ifP—L) are small compared to the
effects of faster local changes in 7, and ¥ (McLinden
et al, 2000. This assumption may not be strictly valid under
all conditions, for example, in the vicinity of the terminator
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at high latitudes in winter or due to heterogeneous chemiRande] 1993, leading to a number of theoretical predictions
cal processing of air in the presence of polar stratospheri¢o be tested with newly developed satellite measurements.
clouds. In common with other linearized ozone photochem-For example, in upper stratospheric regions, where ozone
istry schemes, we will seek to parameterize the latter procesphotochemical time scales are typically much shorter than
using different approaches (see Sect. 5 for details). dynamical time scales, dynamics can be ignored to first or-
Linearization of the ozone photochemical tendency (1) hagder. This is equivalent to settirlyo,/dr=0in (2). If we then
become a standard method for climate and NWP modelsalso ignore column perturbations, then froR) (inearized
starting with the work ofCariolle and 2qe (1986 and pro-  0zone photochemistry predicts the following simplified re-
gressing to the similarly motivated worksiicLinden etal.  lationship between perturbations of ozone mixing ratios and
(2000 andMcCormack et al(2004. In those papers, the temperatures:
linearization procedures were simply posited with little dis- B
cussion of the theoretical basis for the linearization approachzr(’j3 =—=T, 3
The following discussion describes the origins of this method A
and its validation in the literature through extensive model-where the photochemical coefficienBsand A are locally
data comparisons. constant and both positive definite in the stratosphere. A
The linearization approach to photochemical productionnumber of observational studies confirmed this predicted lin-
and loss of stratospheric ozone goes back (at least) to the pear anti-correlation between ozone and temperag)re(g.,
oneering work ofLindzen and Goody1965, who derived  Barnett et al. 1975 Douglass et a].1985 Froidevaux et aJ.
analytical expressions for the linearized photochemical pro-1989 Smith, 1995. More elaborate observational assess-
duction and loss coefficients based on pure oxygen (Chapments used?) to accurately describe the ozone response to
man) photochemistry. This type of analysis produces a lin-planetary wave-induced temperature perturbations with in-
earized version of the total time rate of change for ozone ofcreasing altitude, from dynamically controlled regions in the

the form lower stratosphere to photochemically controlled regions in
dro the upper stratosphere (e.Bande] 199Q Salby et al.199Q
dt3 = —Arg, — BT' - CY/, 2 Randel and Gille199% Smith 1995. In all these cases,

good overall agreement was found between the theoretical
where the photochemical coefficients B andC are derived  predictions of linearized ozone photochemistry models and
analytically. Herero,=io,+7q, is 0zone mixing ratio, the  the observations, provided the perturbations involved were
sum of equilibrium and perturbation values, d@fdand X’ not too large in magnitude and transport effects were prop-
are similarly defined perturbations of temperature and ozonerly accounted for (e.g., Douglass and Rood, 1986).
column density, respectively. This is the same equation de- In light of these results, and given the desire to extend the
rived byLindzen and Goody1965, except that they did not schemes still further to include the complete set of ozone-
consider photolysis perturbations and thus did not derive theelated chemical reactions and their rates, numerical solu-
final column perturbation term ir2J. tions became a more attractive option than increasingly com-
This linearizing analytical approach was generalized fur-plicated analytical solutions. Starting with the work@ri-
ther byBlake and Lindzer{1973 to include additional re- olle and CeqLé (1986, a method was developed which sim-
actions with various nitrogen and hydrogen species, and exply started with Eq. %), and then computed linearized pho-
tended still further byStolarski and Douglasd 985 by us-  tochemical coefficientgt, B and C humerically using per-
ing an even larger subset of reactions that included chlorindgurbation experiments with numerical models that contained
compounds. These later studies found that, despite the larggomplete descriptions of radiation and chemistry, as dis-
departures from pure oxygen chemistry, the linearization apcussed in the next section.
proach still produced a final tendency equation identical to With this understanding, the latest generation of linearized
the Lindzen-Goody form given ir2} (though again without o0zone photochemistry schemé3agiolle and ZqLe, 1986
the column term which these studies also did not consider)McLinden et al, 200Q McCormack et al. 2004 can be
However, with each successive extension to include a greateriewed as extensions of the previously validated lineariza-
subset of photolysis and reaction rate terms, the analyticalion approach to ozone photochemistry. Thus, we can ap-
expressions for the photochemical coefficieAtand B be- proximate the unknown functiolP—L)[r, T, £] in Eq. (1)
came much more complex. by defining it about some reference stateT,, X,, then ex-
An immediate advantage of linearized schemes was thapanding it about this reference state using a first-order Taylor
they provided a simple physical description of how environ- series expansion.
mental perturbations can influence stratospheric ozone con-
centrations. This enabled further investigations into how
ozone perturbations fed back on temperature via radiative
cooling and on dynamics via transport (e.@lake and
Lindzen 1973 Strobe| 1977 Hartmann and Garcjd 979
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consists of the net radiative heating rate, prescribed tropo-
spheric heating representing latent heat released by convec-

ar(A, ¢, p, 1) (P — L)y + (P —1L) r—r0) tive activity that is not explicitly included in the model, at-
at N ¢ or o ¢ mospheric heating and cooling at the surface derived from
(P — L) NCEP climatological temperature analyses, and eddy diffu-
a7 (T -T,) sion of heat by breaking gravity waves in the mesosphere.
¢ CHEM2D computes the net radiative heating using short-
+ M (-3, (4 wave (UV and near-IR) heating rates and longwave (IR)
X 0 cooling rates at and below 20 km from the CLIRAD scheme

_ . (Chou et al. 2001, Chou and Suare2002. The heating
where represents longitude) represents latitude, and  rates above 40 km are computed using the same spectral dis-
represents pressure as the model vertical coordinate. Thgipution of UV transmittance as in the model photolysis

@

subscript " attached to(P—L) and its partial derivatives calculations, thus ensuring a consistent treatment of radia-

in (4) refers to their values at the reference sigtel,, o, tive and photochemical processes in the middle atmosphere.
and are all zonally averaged quantities. Note the similaritiesCooling rates above 40 km are computed using the interac-
between2) and @). tive CO, parameterization oFomichev et al.(1999 that

The reference-state production and ldg3;-L),, and the  allows for non-local thermodynamic equilibrium processes

various partial derivative terms about that state 4h gre  in the model's upper levels. The results from this scheme
computed offline using a photochemical model in which theare merged with the CLIRAD cooling rates using linearly
reference state is either specified (for single-column modelsyveighted averaging between 20 and 40 km.
or is the equilibrium state of the model (for two-dimensional The CHEM2D model photochemistry used to compute the
models). These coefficients are then stored in tabular formeference state ozone net tende&~L), and its partial
as functions of latitude, pressure, and month, with suitablederivatives (Eq4) accounts for a total of 54 chemical species
linear interpolation to the desired location. In practice, the (Siskind 2000. Model reaction rates have been updated us-
values ofr, (¢, p, 1), To(¢, p, 1), andZ,(¢, p, t) needed in  ing the 2002 JPL valuesSénder et a).2003. As in pre-
(4) are specified using climatologies based on different sets/ious versions, the model uses diurnally averaged photoly-
of long-term observations. The following section provides sis rates computed by averaging hourly J-values, and diur-
details of how the partial derivatives are computed usingnally averaged reaction rate coefficients derived from pre-
the CHEM2D middle atmosphere photochemical-transportcomputed night-day ratios of relevant speci@sir¢o and

model. Whitten 1978 Summers et al1997. Input solar flux used
for the CHEM2D photolysis calculations varies as a func-
2.2 The NRL-CHEM2D model tion of wavelength from 1200-8008 and includes Lyman-

a effects and both the Schumann-Runge continuum and
The zonally averaged CHEM2D model features a fully inter- Schumann-Runge bands fop Photolysis.
active treatment of radiative, photochemical, and dynamical CHEM2D ozone and temperature fields are used in the
processes in the middle atmosphere. As in earlier versiongadiative heating calculations. The resulting diabatic heat-
(e.g., Summers et al.1997 Siskind 200Q Siskind et al.  ing, combined with momentum deposition by planetary scale
2003, the model grid points are spaced every4Batitude  Rossby waves and gravity waves, drive the model’s residual
from pole to pole and every 2.6 km in the vertical domain. meridional circulation, which then redistributes the model’s
The radiative and photochemical calculations are performegotential temperature and chemical constituents. The new
once per day, and the model dynamics are updated every 2 lalistributions of temperature and ozone subsequently feed
The model has 47 vertical levels over the pressure range odback into the model’s radiative heating calculations, ensur-
p=1000 hPa tgp=2x10"°hPa (122 km altitude). ing that the model ozone distribution is self-consistent with

The dynamical framework of the model is based on thethe model radiative heating and transport.

Transformed Eulerian Mean (TEM) formulation, in which
the residual meridional circulation is driven by zonally av- 2.3 Computation of CHEM2D-OPP photochemical coeffi-
eraged sources of momentum and thermodynamic forcing  cients: the net tendency
(Bacmeister et al.1998. The momentum sources include
a parameterization for sub-grid scale gravity wave drag from'V€ compute the net odd oxygen tendency as
both stationary and non-zero phase speed gravity waves, the, _(p_ _ _
Eliassen-Palm (EP) flux divergence associated with dissipa}t]& Do = (P = Loy + (P = Lloip (P = Liowp. (3)
ing or breaking planetary waves, and parameterized verticalvhere the odd oxygen family includes@nd both the ex-
mixing of momentum by gravity wave breaking and molec- cited (3'D) and ground state @P) forms of atomic oxygen.
ular diffusion in the upper mesosphergldCormack and It should be noted tha#] formally describes the ozone
Siskind, 2002 Siskind et al. 2003. The thermal forcing tendency interms of an expansion about a reference state (de-
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Fig. 1. CHEM2D values of the diurnally averaged net ozone photochemical tend€rek),, in ppmv montiT?, output on(a) 15 January,
(b) 15 April, (c) 15 July, andd) 15 October.

noted with the " subscript). For the photochemical coeffi- cial imbalance in the net photochemical tende@y-L) in
cients(P—L),, XE-Le 3E-De gnd ALl computed  (6). Inthe NCEP GFS, this imbalance produced a substantial
with the CHEM2D model, the reference state is simply the negative ozone bias compared to observations in the upper
atmospheric state represented by the model at a given latistratosphereRiishggaard et 312000. To remove this bias
tude, altitude, and time of year. However, when implement-from NASA GEOS analyses, the ozone production rates have
ing (4) in an NWP or climate model, the perturbation terms been adjusted to force the DA system’s prognostic ozone
r-r,, T-T,, X—3,) are often computed with respect to to relax back towards an observed 2-D ozone distribution
a zonal mean climatological reference statg 1, ¥,) de- (Bloom et al, 2005. The CHEM2D-OPP parameterization,
rived from observations, which can differ significantly from in contrast, is based upon valuesifand L computed from

the photochemical model reference state used to derive ththe same model odd oxygen distribution. This ensures the
partial derivatives in4). Such discrepancies can poten- ozone net tendenay? —L) is self-consistent and eliminates
tially introduce systematic, non-physical biases into the pho-the need for any such adjustments of the ozone production
tochemical parameterization. rates.

To illustrate this point, we consider the ozone photochem- CHEM2D-OPP is intended for use throughout the strato-
istry parameterization used in the operational NCEP GFSsphere and lower mesosphere. At the higher altitudes of this
NWP model (until August 2006) and the NASA GEOS as- region, atomic oxygen makes up an increasing share of the
similation system, where the local photochemical tendencyodd oxygen mixing ratio. However, since NWP systems and
is expressed simply in terms of the model ozone mixing ra-climate models use ozone, and not odd oxygen, as a prog-

tio: nostic variable, the net ozone tendency for CHEM2D-OPP

97 ~ is estimated by scaling CHEM2D values @?—L)o, and

5 = (P—L)=P—Lr (6)  its derivatives by the photochemical model partition ratio
p=[0]/[03] such that

Here P and the ozone loss frequengyare computed with . 1

an offline 2-D photochemical modefleming et al.2002. (P =L)o; = (P = Lo+ p) == (P =L). (")
Normally, (P—L) is a relatively small quantity. However, Hereafter, we will express the CHEM2D-OPP coefficients

if the NWP model ozone distribution differs substantially in terms of this scaled reference state ozone net tendency

from the original photochemical model ozone distribution (P—L) unless otherwise noted.

used to deriveP and L, the production rate® and the loss Figure 1 plots diurnally averaged values of the reference

rate L=Lr are not self-consistent. This can lead to an artifi- state ozone tendencyP—L),, from the CHEM2D model

www.atmos-chem-phys.net/6/4943/2006/ Atmos. Chem. Phys., 6, 4943-2006
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Fig. 2. CHEM2D values of the diurnally averaged ozone photochemical relaxationcgigaén days, output oifa) 15 January(b) 15 April,
(c) 15 July, andd) 15 October. Contours drawn at 0.001, 0.01, 0.1, 1, 10, 30, 50, 100, 300, 500, and 1000 days. Shading denotes regions
wherero, exceeds 100 days.

on 15 January, 15 April, 15 July, and 15 October. The val-relaxation timerg,, i.e.:

ues are on the order of 1-3 ppmv per month, as expected for

the reference (equilibrium) state. In the tropical lower strato- g3(p — L) .

sphere (10-100 hPa), the net tendency is positive throughout™ 5 | = —Tos- 8)

the year. The largest positive tendencies occur in the up- ¢

per stratosphere (1-10 hPa) neat-8IF latitude in the win-  ag shown in the Appendix, the ozone relaxation tirag is

ter hemisphere. Large negative tendencies occur througho%mputed from the sum of CHEM2D odd oxygen loss rates
much of the year at levels above 0.1hPa, with the excepy, involving reactions with N@, CIOy, HOx, and BrQ.

tion of summertime polar regions where the net tendency is Figure 2 plots the latitude and altitude variations of

positive._Thg altitude, Iatitu<_je, and seasonal dependenf:es (gHEMZD diurnally averagedo, values for January, April,
(P—L),inFig. 1 are.determmed by odd oxygen production, July, and October. Throughout the entire lower stratosphere
thrqughQ phptoly3|s, and odd oxygen losses, thro_L_Jgh re'(below~30 km altitude or~10 hPa) and within polar night,
actions myolvmg the. NG ClOy, HOx, a_md BrQ; families . To, exceeds 100 days and so ozone can be considered a
and long-lived constituents. The spatial and temporal dis- assive tracer in these regions (shaded in Bjg. Above
tributions of these long-lived constituents are determined b ~10hPa €30km) in sunlit regionszo becomes. progres-
transport, and so_the net tenden_cy reflects the balance b%?vely shorter compared to transpo?t time scales, and so
tween photochemical and dynamical processes. As noted b zone is controlled mainly through photochemistry. It fol-

McCormack et al(2004, CHEM2D estimates o{P—L), lows that in the presence of a non-zero difference between

are in good overall agreement with other photochemistrythe model ozone mixing ratie and the assumed reference
models Cariolle and 2qlg, 1986 Fleming et al.2002. g

(climatological) ozone mixing ratie, in the upper strato-

sphere, the second term on the right hand sidedpfa(ll

quickly “relax” r towards the climatological value,. In

2.4 Computation of CHEM2D-OPP photochemical coeffi- this way, the relaxation Coefﬁcieﬁ.f%b acts as a strong

cients: partial derivatives upper boundary constraint on the prognostic ozone variable.

This is especially true in tropical regions where model dy-
namics simulate large-scale ascent in the stratosphere that

To evaluate the coefficiedt5—=|,, we use the fact that this  transports ozone rich air from below. Without the relaxation

term can be expressed in terms of the ozone photochemicaérm, values of the model ozone mixing ratio in these regions

Atmos. Chem. Phys., 6, 4948972 2006 www.atmos-chem-phys.net/6/4943/2006/
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T T T T ™ Figure 3 plots the differences between the reference state

3 value of (P—L) and the perturbed values as a function of

] the imposed temperature perturbations at three different alti-

3 tudes over the equator during January. The slope of the least
squares fit to this curve (dashed line) gives the value of the

temperature coefficierfte—£)|,.

B(P L) |0

Similarly, the coefficient==<=|, is evaluated by in-
troducing ozone column perturbatlons within the range
AX=150% in the CHEM2D UV transmission functions
used to compute the photolysis rate of molecular oxygen and
then performing a linear fit to the resulting sensitivity curve.
Figure 4 plots the differences between the reference value

! ! ! ! S and perturbed values ¢P — L) as a function of the imposed
20 -10 0 10 20 column ozone perturbation at three different altitudes over

ATK) the equator during March. Figurésand4 show that the

dependences @ — L) on model temperature and overhead
ozone column are close to linear over the range of perturba-
tion values likely to be encountered in typical NWP appli-
cations McLinden et al, 2000. Examination of additional
sensitivity curves (not shown) confirms this linear behavior
2 ' ' ' ' ' ] throughout the CHEM2D model domain and supports the
E linearized expansion afP —L) used by the CHEM2D-OPP
scheme in4).

Figure 5 plots the altitude and latitude dependences
of the diurnally averaged temperature coefficié#@;—“b

3 throughout the year. Values ofZ-2)|, are negative
] throughout the sunlit portions of the stratosphere and have
the largest magnitudes in the summer hemisphere between
1-10hPa. The negative values 8£-L|, between ap-
proximately 100-0.2 hPa are qualitatively consistent with the
] ozone-temperature anti-correlation derived analytically (see
ofF . . . ) ) ] Eqg. 3) and observed repeatedly in satellite measurements
0.4 0.6 0.8 1.0 12 14 16 throughout the upper stratosphere. Above 0.2 RFBOKmM
AZ0,/Z0, altitude), the temperature coefficients change sign and in-
dicate a weak positive ozone-temperature correlation. This
Fig. 4. The Q3 column (£) dependence of CHEM2DP—L) for change in sign in the mesosphere is qualitatively consistent
perturbations of=50% under March conditions at the equator. with the analytically-derived ozone-temperature relationship
of Stolarski and Douglagd.985. It is caused by the dimin-
ishing temperature dependence of H@lated odd oxygen
of the upper stratosphere would become too large within sevioss with increasing altitude above the stratopause; 180
eral days. a major source of the odd-hydrogen radicals that dominate
To evaluate the temperature and column ozone coeffiodd oxygen loss in the upper stratosphere and mesosphere.
cients, 3(13’;” |, and 3(1’ L)), respectively, the CHEM2D In the upper stratosphere, the main sink for H®through
model computegP — L) for a given altitude, latitude, and reaction with OH at a rate that is inversely proportional to
time of year simultaneously for two sets of reaction rates.temperature. In the mesosphere, the sink forHtCa series
Both sets use identical model constituent fields, but one use8f temperature-independent reactions with hydrogen. In the
a control value of temperature or column ozone, while theabsence of this temperature dependence in the $itd, the
other uses a perturbed temperature or column ozone amourl@cal temperature sensitivity of the odd oxygen mixing ratio
For the Coefﬁciean' a series of these calculations are 10 changes in temperature on a constant pressure surface in
performed wherein temperature perturbations betwega  the mesosphere is instead determined largely by the partition
K are introduced to the temperature-dependent odd oxygeF@tio p= o ] o T*3 (seeStolarski and Douglas4985 their
reaction rates (see Appendix), and the entire chemical sysAppend'X A)
tem is then solved with an iterative Newton-Raphson tech- Figure 6 shows the altitude and latitude dependences of
nique until the(P — L) values converge. the diurnally averaged ozone column coefficié&fs |,

[P'L]os (ppmv day“)
o
T

Fig. 3. Temperature dependence of CHEM2P—L) for perturba-
tions of 20 K under March conditions at the equator. Dashed line
indicates least squares fit to the 41 km (blue) curve.

[P-Lls (pPmv day’)
o
T

www.atmos-chem-phys.net/6/4943/2006/ Atmos. Chem. Phys., 6, 4943-2006



4950 J. P. McCormack et al.: CHEM2D-OPP linearized ozone photochemistry

(@) d[P-L]/dT : Jan (b) A[P-L}/dT : Apr

0.001 96 0.001 [—00 96
T - = =
£ o1 ‘m\________*_____‘/gr—/\\’* 64 04 F s o {64 o
- —IT---—-—--—-__ — ! === ===== 10--7 2
e qof~T - S T B 1 | L s 20" {48 =
2 \ s N \ , \ N \/ < N
©  10.f__ ) - --"T__-- 5 132  10.f< T 132 8
=3 ST - -=7 S--oq__-__22-27>- a
100.f- -7 116 100.} 116 &
1000. . . , 0 1000. , , , 0
-50 0 50 -50 0 50
(c) d[P-L}/dT : Jul (d) d[P-L]/dT : Oct
0.001 [<g0— 96 0.001 0o T T TT——19
© —_— =
& 0.1 LM%XL—:' 64 0.1F X o \\- 64 8
= | T == 190= = I-~-___-——-—-———-———_ - =1
o E PR e - = B, o~ —— - — — —— — — =, 4 =
5 1.0F '\ 7 - =148 1.0F, =02 S . é 48 =
2 ) \ ~ S Y, 4 { \ ¢
@ 0.} N TP L S 7 10.F 4 oo - 132 8
o T Tox== R - S
100.[ --1116 100.F 116 &
1000. , , , 0  1000. , , . 0
-50 0 50 50 0 50
Latitude Latitude

Fig. 5. Altitude-latitude variations of the diurnally averaged CHEM2D-OPP temperature coeﬁi@‘éﬁ@b (ppmv K1 month—1) for
(a) January(b) April, (c) July, and(d) October.

() d[P-L]/d= : Jan (b) d[P-L]/dZ : Apr
0.001 R X I 96  0.001 o g |96
oot T T =<\ 180 o01f -7 777 JIITee-l {80 E
= s T~ T 7 - ~-0.50 - =
& B0 - S —-=-o_ J R
s 01f/ =399 R \) l : 64 64 §
\ - -7 7 =
S qof -qp----TI--- .7 q48 48 E
] - - o
g 10.f 182 328
Q
100. F {116 100.} 116 &
1000. - . . 0 1000. . . . 0
-50 0 50 -50 0 50
(¢) d[P-L}/d= : Jul (d) d[P-L]/dS : Oct
0.001 P 96 0001 [ __------ 0T = 9
T oo 0.10- — - e ——____TC =~ R
001F + -~ o ___.o0s. 180 001f--- o “-~.\180 E
- eTIIIIIIITTIIS SR
A S 300, 1164 01fF_--- RN \)l‘,'64§
% 1.0f \‘\\\j:: :‘_-;;_-____‘i_::__’,_- S :‘;3955;:::::::—':;:g"' 48 %
g 1of R tots £- BN T N R i _-7 a2 B
o
100.F {16 100. | 116 &
1000. . . . 0  1000. . . . 0
-50 0 50 -50 0 50
Latitude Latitude

Fig. 6. Altitude-latitude dependences of the diurnally averaged CHEM2D-OPP ozone column coeffiégrt) |, (ppmv day ! DUY)
for (a) January(b) April, (c) July, and(d) October.

Atmos. Chem. Phys., 6, 4948972 2006 www.atmos-chem-phys.net/6/4943/2006/



J. P. McCormack et al.: CHEM2D-OPP linearized ozone photochemistry 4951

throughout the year, expressed in terms of the change imixing ratios. The @ climatology is based on a combina-
(P—L) per unit change in column4 HereX is expressed tion of ozonesonde and satellite-based measurements (For-
in Dobson Units (DU=1 mili-atm-cm), which is the equiva- tuin and Kelder 1998, hereafter FK98) extending from the
lent depth per unit area of the vertically-integrategitdm-  surface to 0.3hPa. Above 0.3hPa, the ozone climatology
ber density normalized to standard temperature and pressuris based on diurnally averaged mixing ratios output from
As with the temperature coefficient, values of the column co-the CHEM2D model. It should be noted that use of di-
efficient have their largest magnitudes in the summer hemiurnally averaged @mixing ratios leads to an overestimate
sphere. of the shortwave heating rates above 0.3hPa in NOGAPS-
The column term?®=L)|in (4) approximates the lo- ALPHA, since there is a large diurnal cycle in ozone in this
cal ozone mixing ratio’s sensitivity to changes in the pho- region and radiative heating calculations should only use the
tolysis of molecular oxygen at wavelengths between 200-lower daytime ozone valueg€¢kermann and McCormagck
250 nm, which is a major source of odd oxygen in the strato-2009. The stratospheric $O climatology combines zonal
sphere (see Appendix). It is meant to account for the “self-and monthly mean values from the UARS Halogen Occulta-
healing” feature of stratospheric ozone (e@ariolle and  tion Experiment (HALOE) version 18 data setgries et al.
Deque, 1986. That is, ozone decreases at higher levels al-1996 for levels between 100-0.3 hPa and diurnally averaged
low more photolyzing UV radiation through to lower levels, CHEM2D model output for levels above 0.3 hPa. NOGAPS-
where ozone production subsequently increases and offseBLPHA can use either climatological ozone or the model’s
the upper level ozone decrease. As a reﬁéﬁ;—”b coef- prognostic ozone fields to calculate the radiative heating and
ficients are negative in sign, so that an increase in overlyingeooling rates. All results presented here utilize prognostic
column ozone produces a local decrease in ozone productio@zone in the radiative heating and cooling rate calculations.
In this study NOGAPS-ALPHA is run in either “hindcast”
mode or “climate” mode. Unlike typical data assimilation
3 Prognostic ozone in the NOGAPS-ALPHA model runs Geer et al.2006g both modes are free-running sim-
ulations in which the atmospheric conditions are not regu-
The two main components of NOGAPS are a global specdarly updated from meteorological analyses. Only the spec-
tral forecast model (GSFM) and the Naval Research Lab-fied surface boundary conditions (i.e., sea surface tempera-
oratory Atmospheric Variational Data Assimilation System tures, sea ice fraction, snow depth, etc.) are updated using
(NAVDAS). NOGAPS-ALPHA is a prototype high-altitude either 12-hourly or monthly mean fields for hindcast or cli-
version of the NOGAPS GSFMECkermann et al.2004). mate mode, respectively, which are interpolated to the cur-
This section offers a brief overview of the NOGAPS-ALPHA rent model time.
GSFM and describes the implementation of the CHEM2D- In the hindcast mode used here, NOGAPS-ALPHA is

OPP photochemistry scheme. initialized with a so-called “cold-start” procedure using
archived operational NOGAPS meteorological analyses and
3.1 NOGAPS-ALPHA model description surface boundary conditions for a particular date. This cold-

start procedure differs from the way operational NWP mod-

The prototype 60-level (L60) NOGAPS-ALPHA uses the els are usually initialized, i.e., with output from a previous
same hybrid vertical coordinate and top pressure of 0.005 hPforecast run that has been passed through an analysis system
as the L54 version used cCormack et al(2004. Ad- to include the latest observations, thus preserving the intrin-
ditional levels in the L60 version were added near thesic model resolution for all variables. Instead, the cold start
tropopause to be consistent with the vertical domain of theprocedure combines operational NOGAPS analyses archived
operational L30 NOGAPS NWP model in this region. The on specified pressure levels (i.e., not hybrid model levels),
GSFM currently runs with either a T79 or T239 triangular often at slightly degraded horizontal resolution, with zonally
spectral truncation, equivalent to horizontal resolutions ofaveraged climatologies at upper levels where no operational
~1.5° and~0.%, respectively. The model time stexr is analyses are available. These combined initial fields are then
240s. The radiative heating and cooling rates are applieghrocessed with a non-linear normal mode initialization rou-
every time step, but the full radiation calculation is only up- tine to ensure that these fields are in dynamical balafck-(
dated every two hours to reduce the computational burdenermann et aJ.2004).
Sub-grid scale effects of middle atmosphere gravity waves Archived NOGAPS analyses prior to June 2003 are based
are parameterized either with Rayleigh frictiddqCormack  on the Multivariate Optimum Interpolation (MVOI) DA sys-
et al, 2009 or with middle atmosphere gravity wave drag tem Goerrs and Phoebud4992 and extend from 1000—
schemes available for use in the modetkermann et al. 10 hPa. Since June 2003, the operational analyses have been
2009. generated from NAVDASHaley and Barker2001) and ex-

The stratospheric radiative heating and cooling rate calcutend from 1013-4hPa. Archived temperatures, horizontal
lations in the operational NOGAPS GSFM utilize zonally av- winds, and geopotential heights from the STRATOI analy-
eraged monthly mean climatologies of @hd HO volume  ses supply initial conditions between 10-0.4 hBadrrs and
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Phoebus1992. Above the 0.4 hPa level, initial temperature McCormack et al(2004. Taking the difference between the
and horizontal wind fields are extrapolated upwards fromactive and passive ozone fields provides a convenient method
the topmost analysis level and progressively relaxed with in-to diagnose the performance of the photochemistry parame-
creasing altitude to monthly zonal mean climatological val- terizations that we utilize in the present study.

ues. The upper level temperature initialization procedure re- CHEM2D-OPP photochemical tendencies are applied to
laxes to values from the COSPAR International Referencehe NOGAPS-ALPHA prognostic ozone field asMctLin-
Atmosphere (CIRA86, see Fleming et al., 1990). The up-den et al(2000. Defining the current photochemical steady
per level horizontal wind initialization procedure relaxes the state ozone mixing ratio’* as

zonal winds to the URAP climatological valueSwinbank

and Ortland2003, and relaxes the meridional winds to zero % = r, + [(p — L), + k-1 (T - T, +

at the model top. For details of the relaxation procedure, see T 0

Eckermann et a(2004. (P — L) 5_% )} )
After this initialization procedure the NOGAPS-ALPHA x|, o

model is run for 6 days, similar to the operational NOGAPS
forecasts. Spin-up of model fields from the cold-start ini-
tialization is not an issue between 1000-0.4 hPa where op-
erational analyses are available. Above this level there isor (r —rs%)
some spin-up as model dynamics evolve from their 2-D ini- 5; — ~ o,

the mixing ratio tendency equation id)(can be expressed
simply as

(10)

Tos

tial states, but the effect on the ozone hindcasts presented )
in Sect. 4 is minimal. Most of the results presented in the However, wherévicLinden et al.(2000 employ the fol-
following section are taken from NOGAPS-ALPHA hind- owing analytic solution tog),

casts in the 132-h to 138-h time range in order to demonstrate At

CHEM2D-OPP performance near the limit of the 6-day op-7(t + A1) =r(t) + [r* —r(1)] [1 exp( )} . (11)
erational NOGAPS forecast length. In addition, results in Os

Sect. 4 also include examples of hindcast ozone performancassumingro, and»** remain constant over the model time
over the 12-h to 144-h time range for a particular case on 7tep A¢, here we have instead chosen to adopt a standard

February 2005. backward-Euler solution of the form
In the climate mode used here, NOGAPS-ALPHA meteo- At
rological fields are initialized using the same cold start pro- F(t+ A1) = (1) + [P — r(D)] 03 ) (12)

A

cedure described above. In both hindcast and climate modes, o
3

ozone fields from 1000-0.4 hPa are initialized using NASA
GEOS4 ozone analyseStéjner et al.2004) for a given date The perturbation terms for £mixing ratio (r—r,), tem-
and revert to zonally and diurnally averaged monthly meanperature(T —7,), and overlying ozone colum(x—3%,) in
ozone values output from the CHEM2D model at altitudes (4) are computed as the differences between 3-D model fields
above the 0.4 hPa level. The main difference between hindand their respective zonal mean (2-D) climatological values.
cast and climate modes is in the specification of boundarylin the present study, the CHEM2D-OPP formulation em-
conditions. Climate simulations use NCEP/NCAR reanaly-ploys the same 2-D ©mixing ratio climatology described in
sis monthly mean sea surface temperature, ice concentratiotf)e previous section (i.e., the combined FK98 and CHEM2D
and snow depth fields averaged over the period 1979-1996limatology) to specify both, and%,.
(Kistler et al, 2009). Figure 7 plots these model ©mixing ratio climatolo-
gies for January, April, July, and October. FigB8elots
3.2 Implementation of CHEM2D-OPP in NOGAPS- the CIRA86 temperature climatology. Figudeplots values
ALPHA of X, computed from the ®@mixing ratio distributions in
Fig. 7. For implementation of the CHEM2D-OPP scheme in
The NOGAPS-ALPHA GSFM transports chemical con- NOGAPS-ALPHA, the climatological monthly zonal means
stituents using the same spectral advection method as for spe;, T,,, and X, are interpolated or extrapolated in latitude,
cific humidity and meteorological variabldd¢gan and Ros-  pressure, and time to the corresponding model location and
mond 1991, Eckermann et al2004). The model transports day.
both an “active” ozone field, to which the photochemistry pa- The FK98 and CIRA86 climatological data sets were cho-
rameterization is applied, and a “passive” ozone field, whichsen because they were already used to initialize the model
is not subjected to parameterized ozone photochemistry. Alat upper levels where meteorological and ozone analyses are
ozone photochemistry parameterizations tested in this studynavailable. However, some systematic biases exist in these
are applied to NOGAPS-ALPHA active ozone fields betweenclimatologies. For example, CIRA86 temperatures have a
500-0.1 hPa; above this level the active ozone fields ar&—10K warm bias throughout much of the altitude region
smoothly relaxed to the model 2-D ozone climatology as inbetween 20-50 kmRandel et al.2004). Preliminary tests
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of CHEM2D-OPP in NWP/DA systems show that the warm Fig. 10 shows, the availability of both satellite-based MLS
bias in the CIRA86 temperatures can produce artifacts inand in-situ DC8 ozone profiles on this date provides an op-
CHEM2D-OPP prognostic ozone fields through the temperajportunity to evaluate CHEM2D-OPP performance relative to
ture term. A recent study b@eer et al(2006h confirms this ~ other NWP model photochemistry schemes through a series
result and demonstrates that these artifacts are especially prof model-data comparisons across a wide range of latitudes.
nounced at high latitudes in winter. This issue is discussed Five different NOGAPS-ALPHA hindcast experiments
further in Sect. 4.2. were conducted, each one initialized at 00:00 UT on 2 Febru-
In addition, peak ozone mixing ratio values in Fig. ary 2005 and run for 144h. The model initialization and
for the tropical mid-stratosphere are consistently 1-1.5 ppmvboundary conditions are identical in all five experiments, as
lower than corresponding peak ozone mixing ratios in thedescribed in Sect. 3.1. The only differences are in the indi-
extended Version 1.0 URAP climatology (see Wang etvidual photochemical coefficients and the climatological ref-
al., 1999 anchttp://code916.gsfc.nasa.gov/Public/Analysis/ erence state distributions of ozone mixing ratig) @nd tem-
UARS/urap/home.htipl  This is due to the fact that the perature ;) used in the photochemistry parameterization
FK98 stratospheric ozone climatology is based largely on Sothat is applied to the model prognostic ozone (seededrhe
lar Backscatter Ultraviolet (SBUV) instrument data, which first experiment uses the CHEM2D-OPP scheme, the sec-
have reduced vertical resolution compared to the more reond uses the original CD86 V1.0 coefficienGafiolle and
cent ozone profile measurements used to compile the URAPEqLE, 1986, the third uses updated values of the CD86 co-
ozone climatology. Future work will compare CHEM2D- efficients (denoted as CD86 V2.1, D. Cariolle, personal com-
OPP performance using different zonal mean ozone and tenmmunication, 2006), the fourth uses the standard GSFC (de-
perature climatologies to investigate the sensitivity of thenoted here as GSFC1) ozone production and loss rates (i.e.,
photochemistry parameterization to the choice of referenceo temperature or column dependences), and the fifth exper-
state conditions. iment uses the adjusted GSFC production rates (GSFC2) as
discussed in Sect. 2.Bloom et al, 2005.
Figure 11a plots the zonally averaged 144-h NOGAPS-
4 Results ALPHA ozone mixing ratios from the CHEM2D-OPP ozone
experiment. Taking the difference between the NOGAPS-
4.1 CHEM2D-OPP in NOGAPS-ALPHA: hindcast mode ALPHA active and passive ozone fields provides information
on where the parameterized ozone photochemistry is hav-
This section presents a case study comparing NOGAPSing the largest effect on the model’'s prognostic ozone. Fig-
ALPHA ozone hindcasts using CHEM2D-OPP with Aura uresl1b—f plot the zonally averaged differences between the
Microwave Limb Sounder (MLS) measurements of strato- NOGAPS-ALPHA 144-h active and passive ozone fields for
spheric ozone and available in-situ profile measurementgach of the five photochemistry schemes tested here.
taken aboard the NASA DCS8 flight of 7 February 2005 as The difference between CHEM2D-OPP active ozone and
part of the Polar Aura Validation Experiment (PAVE). These passive ozone (Figllb) is largest over the tropical re-
model-data comparisons are an important means of validatgions between 10-1 hPa, where passive ozone exceeds active
ing CHEM2D-OPP performance in an NWP model. Addi- ozone by up to 1.5ppmv. This is to be expected since up-
tional NOGAPS-ALPHA ozone simulations using the CD86 ward motion in the equatorial stratosphere transports ozone
and GSFC photochemistry parameterizations implementedich air from the middle to upper stratosphere. Over the 6-
in the ECMWF and NCEP forecast systems, respectively, areglay model integration the passive ozone fields in the tropical
used to assess CHEM2D-OPP performance relative to thesgpper stratosphere will increase due to this upward transport,
existing schemes. while the parameterized ozone photochemistry will act to re-
Figure 10 plots 35hPa temperatures from the opera-duce ozone mixing ratios in this region, primarily through
tional 1°x1° NOGAPS MVOI meteorological analyses for the relaxation terrﬁ’%b. CHEM2D-OPP active-passive
12:00UT on 7 February 2005. Superimposed on the tem-ozone differences of+0.5ppmv are also present at high
perature map are individual contours showing the locationnorthern latitudes between 0.5-5hPa. Downward transport
of the coldest temperatures at this level. On this date, thén this region may produce a decrease in passive ozone
polar vortex was displaced south from the pole, and temperthat would be offset by photochemical production (see, e.g,
atures below 194 K extend as far south a8 §%ver Hud-  Fig. 1). However, one would expect that the impact of
son Bay. Also plotted in FiglO are MLS measurement lo- the parameterized ozone photochemistry on the model’s ac-
cations at 16:00 UT and 18:00 UT (orange lines), and thetive ozone field would be small due to the reduced sunlight
NASA DCS8 flight track (shown in gold) of 7 February. The and longer relaxation timeo, at the high winter latitudes
northward leg of the DC8 flight track, along way points 3, (Fig. 2). As discussed later in Sect. 4.2, systematic differ-
4, and 5 in Fig.10, matches up with the 16:00 UT MLS ences between model temperature and the specified reference
flight track. Way points 9 and 10 along the southward leg state temperature climatolod§—T,, may also contribute to
of the DC8 coincide with the 18:00 UT MLS flight track. As the CHEM2D-OPP active-passive ozone differences at the
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Fig. 12. A comparison of 135-h NOGAPS-ALPHA ozone hindcasts (in ppmv), initialized at 00:00 UT on 2 February 2005 and valid 15:00 UT
7 February using CHEM2D-OPP photochemistry (black curve), CD86 V1.0 photochemistry (blue curve), original GSFC1 photochemistry
(green curve), and Aura MLS ozone profile measurements (red diamonds) along the 16:00 UT MLS flight track indicatddin Fig.
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Fig. 13. As in Fig. 12, but plotting NOGAPS-ALPHA ozone profiles from a 138-h hindcast initialized 00:00 UT on 2 February 2007, at
locations along the 18:00 UT MLS flight track.

higher northern latitudes in this hindcast experiment. used (Fig11f), the largest negative active-passive ozone dif-
Active-passive ozone differences from the CD86 V1.0 ex-ferences in the tropical stratosphere are reduced by a factor
periment (Fig11c) show negative values of up to 1 ppmv at of 3, in better agreement with the CHEM2D-OPP and CD86
high southern latitudes near 5-10 hPa, and positive values ex/2.1 results.
ceeding 1 ppmv at high northern latitudes in the upper strato- Next we compare the active ozone fields output from
sphere and mesosphere. Results from the CD86 V2.1 expethe five NOGAPS-ALPHA hindcast experiments with Aura
iment (Fig.11d) are quite different, showing active-passive MLS ozone profile measurements along the flight tracks
differences of—2 ppmv in the tropical upper stratosphere marked in Fig.10. Figures12 and13 compare NOGAPS-
and+1.5 ppmv at high northern latitudes between 2—-10 hPaALPHA prognostic ozone simulations using the CHEM2D-
The CD86 V2.1 active-passive ozone differences are quali-OPP, CD86 V1.0, and GSFC1 photochemistry parameter-
tatively similar to the CHEM2D-OPP results in (Figlb), izations with MLS observations along the 16:00 UT and
although the large positive differences at the high northern18:00 UT MLS tracks, respectively, on 7 February 2005.
latitudes occur lower down in the stratosphere in the CD86Figure 12 plots the six individual Aura MLS profiles indi-
V2.1 experiment. In the following discussion we present acated on the 16:00 UT path in Fig0, with Fig. 12a rep-
series of diagnostic calculations showing that the large dif-resenting the starting point of this path at 39\blatitude
ferences between the CD86 V1.0 and CD86 V2.1 results arand Fig.12f representing the final point at 60.M latitude.
due primarily to differences in the column (or “radiation”) The MLS ozone profiles represent the standard 240 GHz Ver-
term 2E-1)) sion 1.5 Level 2 producf{oideveaux et al2006 and range
Results from the GSFC1 experiment (Fige) show very  from 215-0.46 hPa with a vertical resolution-e8 km in the
large negative values of the active-passive ozone differencdpwer stratosphere. Corresponding precision estimates for
indicating that the photochemical production and loss ratesach measurement are also plotted in E®as black hori-
are removing a large percentage of the ozone between 2zontal lines and typically range between 0.2—0.4 ppmv in the
10hPa over a 6-day period. These results are consistent witktratosphere.
the low ozone biases in the GEOS ozone assimilation exper- The NOGAPS-ALPHA prognostic ozone profiles in
iments reported byriishggaard et al2000. When the ad-  Figs. 12 and 13 represent output at hour 135 (equivalent
justed GSFC2 photochemical ratedBdbom et al.(2005 are  to 15:00 UT) and hour 138 (18:00 UT), respectively, from
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Fig. 14. A comparison of 135-h NOGAPS-ALPHA ozone hindcasts, as in Eigusing CHEM2D-OPP (black curve), the updated CD86
V2.1 photochemistry (blue curve), and the adjusted GSFC2 production rates (green curve).

a T79L60 hindcast simulation initialized at 00:00 UT on 2 underestimate the ozone mixing ratios as compared to the
February. The T79 spectral truncation produedss’ spac- MLS measurements (see Sect. 2.3). The CD86 V1.0 results
ing in latitude and longitude on the Gaussian model grid. Theexhibit an unusual vertical structure above the 10 hPa level,
NOGAPS-ALPHA ozone profiles in Figd.2 and13 all lie which is most pronounced at the lower latitudes, and leads to
within 0.75 latitude/longitude and within 1 h of the MLS overestimates of the ozone mixing ratio at numerous points
observations. relative to the MLS profiles. CHEM2D-OPP results above
Comparison of the three 135-h NOGAPS-ALPHA ozone 10 hPa {~30km) show good agreement with MLS ozone at
hindcasts (valid 15:00 UT) with the 16:00 UT MLS profiles the lower latitudes, but tend to overestimate ozone mixing
in Fig. 12 shows that all three modeled ozone profiles agreeratios at the higher latitudes (Fig2e, f). Similar results
quite well with each other, and with the MLS data, below are also seen when we compare the 138-h NOGAPS-ALPHA
the 10 hPa level from PAN-40° N (Fig. 12a—d). At 50 N ozone hindcasts with the 18:00 UT MLS profiles (Fi§). In
and 60 N (Fig. 12e, f), the ozone hindcasts tend to overes- this case, however, the CHEM2D-OPP results overestimate
timate mixing ratios from 10-30 hPa relative to MLS obser- the peak in the 0zone mixing ratio at4Q (Fig. 13d) as well
vations, with CHEM2D-OPP producing the highest mixing as at the higher latitudes (Figj3e, f).
ratios. Results from the different photochemistry parameteri- We now present a second set of comparisons among
zations are expected to agree below 10 hPa since transport @#OGAPS-ALPHA hindcasts using CHEM2D-OPP photo-
fects dominate over photochemistry in the lower stratospherehemistry, the adjusted GSFC2 production rates and the up-
(see Figl1). The agreement among the different NOGAPS- dated CD86 V2.1 scheme. Figure$and15show that when
ALPHA hindcasts and the MLS profiles in the lower strato- the ad-hocadjustments to the GSFC production rates are in-
sphere at the lower latitudes indicates that the model dynameluded, the 135-h and 138-h GSFC2 hindcast ozone profiles
ics are accurately capturing the large-scale flow in this re-show much better agreement with MLS observations. The re-
gion. Possible origins of the high-latitude disagreement aresults with the updated CD86 V2.1 photochemistry no longer
discussed below. show any jagged vertical structure above 10 hPa. As we will
Above the 10 hPa level, Fig2 shows marked differences show later, this is due to a reduction in the size of the ozone
between the output from the three photochemistry schemesolumn sensitivity term in CD86 V2.1. However, the CD86
The GSFC1 profiles all exhibit excessive loss and grosslyw?2.1 results do not necessarily represent an overall improve-
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Fig. 15. As in Fig. 14, but plotting NOGAPS-ALPHA ozone profiles 138-h hindcast initialized 00:00 UT on 2 February 2007, at locations
along the 18:00 UT MLS flight track.

ment from the CD86 V1.0 results, since they now tend to(Fig. 17a), CHEM2D-OPP (Figl17b), GSFC2 (Fig.17c),
overestimate ozone mixing ratios at the higher latitudes. Foand CD86 V2.1 (Figl7d). The passive ozone simulation
example, Figs12e andl14e show that the CD86 V1.0 pho- exhibits higher A-F values over the Northern Hemisphere
tochemistry produces better agreement with MLS profiles atthan the three simulations with parameterized photochem-
50° N and 52 W than the updated CD86 VV2.1. Furthermore, istry, indicating that in this case ozone transport alone will
at the lower latitudes (e.g., Fid4a—c and Figl5a—c) the  not accurately capture the evolution of upper stratospheric
CD86 V2.1 results are now consistently lower than the MLS ozone over a 5 day period. Among the results using the three
values between 1-5 hPa. ozone photochemistry parameterizations plotted in EW#.
Next, we assess the zonal structure of the hindcast uppeghe CHEM2D-OPP results in Fig.7b show the lowest over-
stratospheric ozone fields using the CHEM2D-OPP, GSFC2all values of A-F. The GSFC2 results (Fitj’ic) underpredict
and CD86 V2.1 photochemistry schemes. Figliéecom- ozone mixing ratios by more than 1 ppmv over an extended
pares the NASA GMAO ozone analysis at the 5 hPa levelregion from 10 N-90° N. The CD86 V2.1 results (Fid.7d)
over the Northern Hemisphere for 12:00 UT on 7 Febru-overpredict ozone values by more than 2 ppmv over a broad
ary 2005 with the corresponding 132-h NOGAPS-ALPHA region of North America and the Canadian Arctic, in general
ozone fields. At this time, the 5 hPa analysis (Biga) shows  agreement with the CD86 V2.1 results plotted in Figsand
the lowest mixing ratios over a region displaced just off 15.
the pole in the longitude sector from approximately @8- To further quantify the performance of the different pho-
60° E, while a region of higher ozone mixing ratios extends tochemistry schemes used in NOGAPS-ALPHA for the 7
from mid-latitudes up across the pole. While all three ozoneFebruary test case, Fid8 plots the mean and root-mean-
simulations in Fig.16 capture this general structure, there square (RMS) values of the A-F fields in Fig7 aver-
are pronounced quantitative differences in the simulated higlaged over the latitude region from A8-9C¢ N as a func-
and low values compared to the analysis. tion of the forecast length from 144 h down to 24 h (suitable
These differences are more clearly seen in Eig.which initial conditions were not available to perform the 120-h
plots the difference between the GMAO analysis (denoted asind 12-h hindcasts). The unscaled ozone production rates
A) in Fig. 16a and the 132-h ozone hindcast fields (which in the GSFC1 scheme introduce large errors in the 132-h
we denote as the “forecast” value, F) using passive 0zon&OGAPS-ALPHA prognostic ozone at 5hPa, both in terms
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(a) O3 ANL : 2005020712 : 5 hPa (b) O3 FCST : 2005020200_132 : 5 hPa : CHEM2D
Tt

Fig. 16. Ozone mixing ratios (in ppmv) at 5hPa frofa) the NASA GMAO ozone analysis valid 12:00 UT on 7 February, 2005, and
NOGAPS-ALPHA 132-h ozone hindcasts initialized 00:00 UT on 2 February 2005 (sjr@HEM2D-OPP,(c) GSFC2, andd) CD86
V2.1 ozone photochemistry parameterizations. Polar projection extends tolattude.

of mean and RMS differences. Of the 4 remaining photo-wintertime ozone distribution for one particular date and
chemistry schemes tested, all produce similar results ovetime. A proper evaluation of the different photochemistry
forecast periods from 24—72 h. The scaled GSFC2 and CD868chemes would require an extended period of comparison
V1.0 results perform quite similarly over the entire range of with a full NWP/DA system (see, e.gGeer et al. 2006H.
forecast times plotted in Fig.8, while CHEM2D-OPP pro-  Similarly, a detailed ensemble forecasting approach would be
duces the lowest values of mean and RMS A-F over fore-useful to quantify intrinsic model uncertainty in the prognos-
cast periods from 72—144 h. Unlike the other photochemistrytic ozone fields. Such computationally-intensive studies are
schemes tested in this case, both the mean (Baj.and the  beyond the scope of the present work. However, based on the
RMS (Fig.18b) values of A-F from the CD86 V2.1 simula- resultsin Figl18, it is reasonable to conclude that most of the
tions tend to increase with increasing forecast length, suchifferences between the CHEM2D-OPP, GSFC2, and CD86
that at 132 h the RMS errors in the CD86 V2.1 case are comhindcast ozone profiles relative to the MLS observations in
parable to the passive ozone case. Figs. 14 and 15 equatorward of 50N are within the range

It is worth noting that the GMAO analysis is based primar- of typical forecast errors. The differences between these
ily on SBUV ozone measurements, as is the 2D stratospheri@iindcast profiles and MLS observations poleward df S0
ozone climatology ofortuin and Kelde(1998 used forr, (specifically, Fig.14f and Figurel5e,f), on the other hand,
in CHEM2D-OPP. The NOGAPS-ALPHA simulations us- exceed typical values of 132-h forecast errors in ER).
ing CHEM2D-OPP will tend to relax the prognostic ozone  We now examine possible reasons why the CHEM2D-
fields towards SBUV-based climatological values in regionsOPP and CD86 V2.1 results tend to overestimate the ozone
where ozone photochemistry is active and in the absence ahixing ratios compared to MLS observations af 80and
large temperature or column ozone fluctuations. This mays( N in Figs. 14 and15. The fact that NOGAPS-ALPHA
explain, in part, the relatively low mean A-F values from the prognostic ozone profiles with a temperature sensitivity term
CHEM2D-OPP results in Figl8a, and emphasizes how the (CHEM2D-OPP and CD86) show the poorest agreement
choice of background reference state can influence the pewith MLS ozone in the 2-20 hPa region at the higher lati-
formance of a linearized ozone photochemistry scheme.  tudes suggests that the problem could be related to deficien-

The results in Figl8 are based on a Northern Hemisphere cies in the NOGAPS-ALPHA simulation of temperatures
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(a) O3 (A-F) : 2005020200_132 : 5 hPa : PASS (b) O3 (A-F) : 2005020200_132 : 5 hPa : CHEM2D

(c) O3 (A-F) : 2005020200_132 : 5 hPa : GSFC2 (d) O3 (A-F):

Fig. 17. Difference between ozone analysis (A) valid 12:00 UT on 7 February 2005 and forecast (F) mixing ratios (in ppmv) at 5hPa
from NOGAPS-ALPHA 132-h ozone hindcasts initialized 00:00 UT on 2 February 2005 (&jngp photochemistry (passive), tlfie)
CHEM2D-OPP, thg¢c) GSFC2, and théd) CD86 V2.1 ozone photochemistry parameterizations. Polar projection extendsSNddt@ude.
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Fig. 18. The mearn(a) and RMS(b) values of (A—F) from Fig17 computed from NOGAPS-ALPHA 24-144 h hindcasts over the latitude
range 10 N-9C° N using the CHEM2D-OPP (solid black line), GSFC1 (green crosses), GSFC2 (orange diamonds), CD86 V1.0 (purple
triangles), and CD86 V2.1 (blue squares) photochemistry parameterizations along with the passive ozone hindcast (dashed black line).
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pressure (mb)

pressure (mb)

Fig. 19. Profiles of the 135-h NOGAPS-ALPHA hindcast temperatures (black curve) at each of the six locations along the 16:00 UT MLS
flight track in Fig.12. Also plotted are reference temperature profilggrom the CHEM2D-OPP scheme (gray curvg),profiles from the
CD86 V2.1 scheme (orange curve), and Aura MLS temperature observations at 16:00 UT on 7 February 2005 (red points).

pressure (mb)

Fig. 20. Diagnostic calculations oArp_;) (red curve),Arr (blue curve), and\ry, (orange curve) for the 135-h (15:00 UT) NOGAPS-
ALPHA hindcasts at 50N, 52° W, corresponding to Fidl2e, using(a) CHEM2D-OPP(b) CD86 V1.0, andc) CD86 V2.1 photochemistry

schemes.
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within and near the polar vortex on this date. For example,and reference state temperatures produces a high ozone bias
the NAVDAS analyses used to initialize NOGAPS-ALPHA in the model prognostic ozone fields through the temperature
are based on the operational NOGAPS T239L30 system anterm in Eq. ).
appear to have a cold bias over the polar regi&tkérmann Figure5 shows very small negative values of the temper-
et al, 2009. Furthermore, many stratospheric models haveature coeﬁicient%b are present in the stratosphere at
cold pole biases due to physical deficiencies and spatial resdiigh northern latitudes during winter due to the temperature
lution limits (Austin et al, 2003. Large, systematic temper- dependence of the odd oxygen loss rates, which continue to
ature biases over time can manifest themselves as temperaperate in polar night. The combination of large (10-20K)
ture perturbationg’ in (4) that progressively relax ozone to negative temperature perturbations and longer lifetimgg (
a different state, even if the temperature coefficient itself is(Fig. 2) produces a large positive 0zone mixing ratio ten-
relatively small. Another possibility is that the model does dency in the lower and middle stratosphere. To illustrate
not accurately simulate the time evolution of the polar vortexthis effect we perform a series of off-line single column di-
and associated dynamical features in the ozone distributiomgnostic calculations to determine the relative roles of the
as the vortex is displaced southward during this stratospherioet tendency, temperature, and column ozone coefficients on
polar warming period. the model prognostic ozone. From Ed®-12), over a given

To examine further the possible effect of a cold bias in model time step\z the photochemistry relaxes ozone mixing
NOGAPS-ALPHA hindcast temperatures on the parameter+atiosr to the current steady-state ozone mixing rafioat
ized ozone photochemistry at the high northern latitudesthe photochemical relaxation ratg,. We can examine the
between 2-20hPa, Fid.9 plots temperature profiles from contribution to the steady-state mixing ratio from each of the
the 135-h NOGAPS-ALPHA hindcast at the six locations three terms in9) by defining the following relations:
along the 7 February 16:00 UT MLS flight track in FitR. o5
Also plotted in Fig.19 are climatological temperature pro- Yp-r) ='o + (P = L)ooy

files used to specify the reference state temperdfyne the s d(P—-L)

CHEM2D-OPP (gray curve) and CD86 V2.1 (orange curve)’7 = "o T [ T |, T - TO)} 03

ozone photochemistry schemes, and Aura MLS temperature AP —L) )

profiles at each location for this date and time. The MLS tem-ry’ =1, + [8—2 Z — Eo)} TO, (13)
o

peratures come from the Version 1.5 standard product, which
uses the 118 GHz retrieval for levels between 316—-1.41 hPa From (12), we can compute the change in ozone mixing ra-
and a combination of the 118 GHz and 190 GHz retrievalstio Ar=r(t+Ar)—r(r) over the model time stefrs for each
between 1-0.001 hPa. Preliminary comparisons with otheof the contributions in3), i.e.:

satellite observations and meteorological analyses show a N

warm bias in MLS temperatures that increases from 1-2 K o o,

in the lower stratosphere to 24 K near 10 hPa; above 10 hPA7P-L = [rp_, — ()] 1o AL

the MLS warm bias oscillates between 1-3¥dideveaux et 03
al., 2006. At the lower latitudes (Figl9a—d), there is good Ar
agreement between the 135-h hindcast NOGAPS-ALPHAAr; = [r§ — r(1)] to3m
temperatures and Aura MLS temperatures below the 0.1 hPa + o5
level where the CHEM2D-OPP photochemistry is applied. At
At 50°N (Fig. 19%), NOGAPS-ALPHA hindcast tem-  , _ _ [ = r ()] @At (14)

peratures in the upper stratosphere are consistently lower

than MLS observations, with temperature differences of

~5K near 5hPa andv10K near 1hPa. Similarly, at Figure20compares the individual termsrp_;, Ary, and

60° N (Fig. 19f), NOGAPS-ALPHA hindcast temperatures Ary, in (14) at 50 N, 52 W (e.g., Figurel2e) for a value

are colder than MLS observations By 0K near 3hPa and of Ar=1h. Each term uses 135-h NOGAPS-ALPHA hind-

~20K near 1 hPa. cast ozone mixing ratio and temperature profiles to specify
However, the temperature differences between the modet, T, andX. Figure20a plotsArp_; (red curve) Ary (blue

and the reference state temperatures are of greater conseurve), andAry (orange curve) based on the CHEM2D-

quence for model prognostic ozone. FigliBshows thatthe OPP values of the photochemistry coefficients and associ-

135-h NOGAPS-ALPHA hindcast temperatures are colderated reference state climatologies (FK98farCIRA86 for

than the CIRA86 climatological values used to spedify 7,). The profiles show that the CHEM2D-OPP tempera-

in CHEM2D-OPP. At 50N and 20 hPa, where NOGAPS- ture termAry is the leading contributor to a net increase

ALPHA prognostic ozone values are higher than MLS obser-in ozone, which is slightly offset by a negative contribution

vations (Figs.12 and 13), NOGAPS-ALPHA temperatures from Arp_; altitudes below the 4 hPa levet88 km). Fig-

are 10-20K colder thaff, (gray curve in Fig19). Asthe  ures20b and20c plot the same terms computed using the

following discussion shows, this difference between modelCD86 V1.0 and CD86 V2.1 coefficients and climatologies,

TO3
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pressure altitude (km)

14 16 18 20 16 18 20
DC-8 Flight Time (Hours UT) DC-8 Flight Time (Hours UT)

Fig. 21. Cross section of Ertel’s potential vorticity in potential vorticity units (PVU) along the DCS8 flight path of 7 February 2005, derived
from (a) NASA GMAO meteorological analyses (data courtesy of NASA Goddard Space Flight Center, Code 613.3), aff) ft8&h
T239L60 NOGAPS-ALPHA hindcast vorticity fields initialized 00:00 UT 2 February 2005 and valid at 18:00 UT 7 February. White contour
denotes the 2 PVU contour indicating the approximate tropopause altitude.

geometric altitude (km)
geopotential altitude (km)
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Fig. 22. Ozone mixing ratios in ppmv frorte) the AROTAL instrument aboard the NASA DCS8 flight on 7 February 2005, plotted versus

geometric altitude and frortb) a 138-h T239L60 NOGAPS-ALPHA ozone hindcast with CHEM2D-OPP photochemistry plotted versus
geopotential height at locations along the DC8 flight track.
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respectively. We see that the CD86 V1.0 scheme inZig.  h hindcast ozone profiles using the CHEM2D-OPP scheme,
produces positive values of thier; term that are compara- valid at 18:00 UT, following the DC8 flight path. Despite
ble to the CHEM2D-OPP value in Fig@0a, andAry values  the higher horizontal resolution in the T239 configuration,
that are negative below the 5hPa level and then rapidly bethe NOGAPS-ALPHA hindcast ozone fields do not repro-
come large and positive above the 5hPa level. These largduce the dynamical structure in the AROTAL ozone pro-
Ary values are present at all latitudes and are the sourcéles (Fig. 22a). In particular, the model does not capture
of the jagged vertical structure above 10 hR&8Q km) seen the observed localized regions of lower ozone mixing ra-
in the NOGAPS-ALPHA hindcast ozone profiles generatedtio (<4 ppmv) between 22—-25 km from 16:00 UT-18:00 UT
with the CD86 V1.0 scheme (Fig§2 and13). The updated in Fig. 22a. Thus the high ozone values in the 16:00 UT
CD86 V2.1 results (Fig20c) show a large positive tempera- NOGAPS-ALPHA hindcasts for at 3NN relative to MLS
ture tendency peaking near 3 hPa but, unlike the CD86 V1.Mmbservations in Figsl2e and14e are also due in part to dif-
results in Fig.20b, there is now little contribution from the ficulties in modeling small-scale dynamical features in the
column term. ozone distribution related to horizontal and vertical mixing
Values of the column sensitivity terf£=%|, in the up-  in the region of the vortex collar.
per stratosphere are smaller in the CD86 V2.1 scheme than
in the CD86 V1.0 scheme. This explains the smoother ozon&.2 CHEM2D-OPP in NOGAPS-ALPHA: climate mode
profiles above the 10hPa level in the hindcasts generated
with the CD86 V2.1 scheme (Figé4 and15). A conse-  Since the time scale for ozone photochemistry is quite long
quence of the smaller ozone column term in the CD86 V2.1(>100 days) in the lower stratosphere (see Bjgany sys-
scheme is that there is no longer a large negative column peitematic biases in the linearized photochemistry parameter-
turbation offsetting the positive temperature perturbation. Asization should not affect model prognostic ozone for typi-
a result, the CD86 V2.1 ozone hindcasts at B0 52° W cal NWP/DA applications in this region. In the NWP case,
(Fig. 14e) show better agreement with the CHEM2D-OPP forecasts are typically 5-10 days in length, a period much
results than the CD86 V1.0 results (Fige). shorter than the effective ozone relaxation time in the lower
The fact that the 135-h T79L60 NOGAPS-ALPHA ozone stratosphere. In the DA case, frequent updates of assimi-
hindcasts at 50N overestimate the ozone mixing ratios be- lated ozone fields with observations (e.g., every 6 h) should
tween 30—10 hPa, as compared to the 16:00 UT MLS obsercorrect any systematic biases introduced by the parameter-
vations (see Figd.2e andl4e), regardless of the photochem- ized photochemistry. NWP/DA systems are therefore bet-
istry parameterization suggests that the model dynamics mater suited for testing CHEM2D-OPP in the middle and up-
not be accurately simulating some small-scale structure in th@er stratosphere where the ozone distribution is controlled
ozone profile at this location. We examine this possibility largely through photochemical effect&éer et al. 20061).
further by comparing higher resolution T239L60 NOGAPS- Model simulations over seasonal time scales (i.e., longer than
ALPHA ozone hindcasts with airborne ozone measurements-100 days) are needed to quantify possible systematic biases
from the 7 February DC8 flight. To illustrate the dynami- in CHEMD-OPP affecting lower stratospheric ozone.
cal conditions encountered by the DC8 aircraft on this date, To fully test CHEM2D-OPP performance throughout the
Fig. 21a plots values of Ertel’s potential vorticity (EPV) be- entire stratosphere, we have conducted a 1-year free running
tween 15-25km derived from NASA GMAO meteorologi- T79L60 NOGAPS-ALPHA simulation in climate mode.
cal analyses along the 7 February 2005 DCS8 flight track. AtThis particular experiment was initialized with archived
16:00 UT (way point 4 in Figl0), the DC8 encounters in- MVOI and STRATOI meteorological fields and GMAO
creasing EPV values, indicating that the aircraft has crossedzone for 20 December 2001 using the climate run config-
the vortex “collar” region and is entering the high-EPV air uration described in Sect. 3.1. The CHEM2D-OPP pho-
within the polar vortex. Figur@1b plots EPV from a 138-h  tochemistry was applied to NOGAPS-ALPHA prognostic
T239L60 NOGAPS-ALPHA hindcast valid at 18:00 UT on ozone fields between 500-0.1 hPa. Outside of this altitude
7 February. The sharp changes in EPV seen in the GMAQange the prognostic ozone fields were constrained to model
EPV fields as the DC8 crosses the vortex collar region afterclimatology.
16:00 UT and again just prior to 20:00 UT are not as well- Earlier NOGAPS-ALPHA tests of CHEM2D-OPP in cli-
defined in the NOGAPS-ALPHA EPV fields. mate mode produced unrealistically large values of zonal
To illustrate the relationship between EPV and ozonemean prognostic ozone from 1-10 hPa nedt IBSitude in
along the 7 February flight track, Fig2a plots the ozone both hemispheres during late winter and early spring (not
mixing ratio profiles measured with the Airborne Raman shown). This effect was caused by the combination of an
Ozone Temperature and Aerosol Lidar (AROTALBufris overall warm bias in the CIRA86 stratospheric temperatures
et al, 2002 on board the DC8. AROTAL profiles within the and the cold bias in model temperatures at the high winter
vortex and collar regions are characterized by highly local-latitudes (see Sect. 4.1). Because the sign of the temperature
ized regions of low ozone between 20-25km. FighPb term is negative (Fig5), the persistent large negative tem-
displays a contour map of T239L60 NOGAPS-ALPHA 138- perature perturbation§'(T,) produced large positive ozone
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Fig. 23. Monthly mean ozone mixing ratios (ppmv) from a free-running T79L60 NOGAPS-ALPHA climate experiment using CHEM2D-
OPP photochemistry with a modified temperature tern{d@danuary(b) April, (c) July, and(d) October.
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Fig. 24. Monthly mean ozone mixing ratios (ppmv) from the extended URAP climatologigjaranuary(b) April, (c) July, andd) October.
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perturbations over the course of the winter. A similar effect5 Conclusions
was noted over high southern latitudes during the August—

November period in an extended data assimilation run usingrhis study provides a detailed description of a new lin-
CHEM2D-OPP Geer et al.20068. earized parameterization of gas-phase ozone photochemistry,
Normally, the relaxation term in4f would quickly act  known as CHEM2D-OPP, which is based on output from

to reduce these erroneously high ozone values between ithe NRL CHEM2D photochemical transport model. As
10hPa. However, in polar night, the ozone relaxationwith earlier schemes, CHEM2D-OPP consists of four coeffi-
time 7o, at these altitudes is quite long (Fig), allow- cients describing the residual ozone photochemical tendency
ing the effects of these systematic temperature biases t6P—L) and its sensitivity to local changes in ozone mix-
grow unchecked in the long-term climate experiments un-ing ratio, temperature, and overhead ozone column amount
til later in spring when the ozone relaxation time becomes(see Figs. 1, 2, 5, and 6). CHEM2D-OPP performance
much shorter. To eliminate the effect of systematic high-was tested using short-term (hindcast) and long-term (cli-
latitude temperature biases on NOGAPS-ALPHA prognos-mate) NOGAPS-ALPHA model simulations and the results
tic ozone in climate mode during polar night, the CHEM2D- compared with both observations and results from identical
OPP scheme was modified so that the temperature term is sgtodel simulations using earlier ozone photochemistry pa-
to zero at night poleward of 83atitude. rameterizations.

Figure23 plots monthly zonal mean values of NOGAPS-  In the hindcast experiments, we compared NOGAPS-
ALPHA prognostic ozone for January, April, July, and ALPHA prognostic ozone fields at 5 hPa issued over a range
October with the modified CHEM2D-OPP photochemistry. of forecast times from 24-144 h with NASA GMAQO ozone
For comparison, Fig24 plots corresponding monthly mean analyses over the Northern Hemisphere for the 7 February
ozone mixing ratios from the extended URAP ozone cli- 2005 test case to quantify the performance of the different
matology. There is generally good agreement between th@hotochemistry schemes relative to each other and to the case
monthly mean NOGAPS-ALPHA and URAP ozone fields. with no ozone photochemistry (i.e., passive ozone). In terms
Areas of poor agreement occur in the lower stratosphere aof the mean and RMS values of A-F (analysis - forecast),
high southern latitudes in July, when the model underpredict¢he adjusted production rates in the GSFC2 scheme are an
zonal mean ozone mixing ratios, and in October when themprovement over the GSFC1 rates. The CHEM2D-OPP,
model overpredicts zonal mean ozone mixing ratios. In theGSFC2, and CD86 (V1.0 and V2.1) schemes all yield sim-
July case, the disagreement is the result of model dynamicar performance over forecast lengths from 24-72h. Both
producing both excessive descent of ozone-poor air withinGSFC2 and CD86 V1.0 exhibit similar performance from
the polar vortex between 10-1 hPa and inadequate horizontal4—144 h, while the CD86 V2.1 performance noticeably de-
mixing by planetary wave activity in the lower stratosphere grades at forecast times longer than 72h. Overall, the
near 100 hPa. In the October case, the model ozone does n6HEM2D-OPP scheme produces the lowest mean and RMS
capture the springtime ozone hole due to the lack of heterogevalues of A-F for this case.
neous chemical effects in the parameterized photochemistry. In comparing NOGAPS-ALPHA hindcast ozone profiles

Another area of disagreement between the model andavith Aura MLS observations, we find that the updated CD86
URAP climatological ozone values is at the peak of the 0zonév2.1 scheme (Figsl4 and 15) does not produce the arti-
profile over the tropical regions, where the model values ardacts in the ozone profile above 10 hPa that are seen in the
consistently 1-2 ppmv less than the peak URAP value. Thi€CD86 V1.0 results (Figsl2 and13) due to a much smaller
can be attributed to the use of the FK98 ozone climatologyozone column sensitivity. This smaller ozone column sen-
to specify the reference state mixing ratio valugsAs dis-  sitivity, however, no longer offsets the large positive ozone
cussed in Sect. 2, the FK98 climatology tends to underestendencies at latitudes poleward of°50 produced by the
timate the peak ozone value as compared to various UAR$emperature sensitivity term (Fig0). The result is that the
0zone measurements. Since the ozone relaxationdges ozone hindcasts using the CD86 V2.1 photochemistry pa-
short in the tropical upper stratosphere throughout the yeamameterization now exhibit a high bias poleward of 8D
CHEM2D-OPP is consistently relaxing the prognostic ozonenear 10 hPa~30 km), and a low bias equatorward of°30
fields to a reference state with a peak value lower than the avrear 1 hPa~{50 km), relative to both the MLS observations
erage conditions represented in the URAP climatology. Ad-(Figs. 14 and 15) and hindcasts using CD86 V1.0 photo-
ditional climate simulations using different start dates andchemistry (Figs12 and13). In this regard, the CHEM2D-
initial conditions produced results very similar to those in OPP photochemistry provides better agreement with MLS
Fig. 23. The choice of reference ozone distributignin observations at and above 10 hPa than either version of the
CHEM2D-OPP appears to be of more importance than theCD86 photochemistry for the 7 February 2005 test case pre-
choice of initial conditions for NOGAPS-ALPHA simula- sented here.
tions of one month or longer. Results from both the NOGAPS-ALPHA hindcast and

climate experiments show that the performance of the
CHEMZ2D-OPP scheme can depend on the choice of clima-
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tology to specify the reference state temperature distributiormodification is to include the direct effects of variations in
(T,). A warm bias in the CIRA86 temperaturéRandel et  solar irradiance. This term would quantify the ozone re-
al., 2004, when combined with model temperatures that aresponse to small changes in solar UV at wavelengths impor-
consistently too cold at high winter latitudes, produced largetant for ozone photochemistry, such as those observed over
negative temperature perturbations that led to a high ozonéhe 27-day solar rotation period and, possibly, the longer 11-
bias at high latitudes in winter. Modifying the CHEM2D- vyear cycle. Finally, CHEM2D-OPP can be modified to ac-
OPP temperature term such that it is set to zero during polacount for the effects of ozone losses via heterogeneous reac-
night eliminated this high latitude ozone bias in the year-longtions on polar stratospheric cloud (PSC) particles, ideally by
NOGAPS-ALPHA simulation. However, a more satisfactory using an additional “cold tracer” in NOGAPS-ALPHA&d-
long-term solution would be to eliminate the systematic high-jinicolaou and Pyle2004 to track the temperature history of
latitude temperature biases by using an updated temperatuggr parcels relative to a specified PSC activation temperature.
climatology and improving the model dynamics at high lati- We anticipate testing this approach using CHEM2D-OPP in
tudes in winter. an ozone assimilation system to determine how the parame-
Because linearized ozone photochemistry depends on thierization of heterogeneous ozone loss impacts the quality of
reference state ozone and temperature distributions, we at@e ozone assimilation in the polar lower stratosphere.
currently investigating methods to improve CHEM2D-OPP  To obtain the CHEM2D-OPP coefficients and view the
performance for both NWP and DA applications through thelatest version information, se#tp://uap-www.nrl.navy.mil/
choice of different reference state ozone mixing ratio anddynamics/html/chem2dopp/chem®agp.htmi
temperature distributions. For example, as Hi§.shows,
there can be very large differences (i.e., 20K or more) be- .
tween the background temperature distributions represente@PPendix A
by conventional zonal mean climatologies and observed . o
temperatures at high winter latitudes during a stratosphericcalculation of CHEM2D-OPP coefficients

warming period. These large dn‘fqences apprc_>ach the. UPThis appendix describes the details of the CHEM2D model
per limit of temperature perturbations over which the lin-

N RN : . calculations used to produce the CHEM2D-OPP linearized
earization approximation is valid for the ozone photochemi-

cal tendency equation. We are conducting ozone DA systeng)hOtOChemICaI coefficients ind). CHEM2D model calcu-

N R . lations of the net odd oxygen tenden¢t® —L)o, account
tests using “adaptive” time-varying background ozone andfor the production of odd oxygen by photolysis of molecu-

temperature distributions computed directly from analyses inIar oxygen and odd oxygen loss through reactions involving

place of the conyent_lonal chmatplog@s in CHEMZD-OPP in sides of hydrogen (HQ). nitrogen (NQ), chlorine (CIQ),
order to determine if the adaptive climatologies can reduceand bromine (Brq). Neglecting transport, a simplified ver-
systematic differences between forecast and observed ozoneg. - Neg 9 port, P

Despite the inherent limitations of replacing a complex, sion of the odd oxygen continuity equation can be written in

nonlinear system of photochemical reactions for ozone with athe form (see, e.g., Stolarski and Douglass, 1985):

simpler linearized approximation, constraints on computing 3[Ox]
resources preclude a full treatment of ozone photochemistry 3, 2J2102]— (ka[OH] + k2[HO2[O]—2k3[NO] (O]

in operational high altitude NWP and DA systems for the —2k4[CIO][O]—k5[BrO][O]—kg[O][O3]—

time bein_g. Furth(_ermore, _there are a wide range of middle at- (k7[OH] + kg[HO2])[O3]—ko[Br][O3] (A1)
mospheric modeling applications where a fully coupled pho-

tochemical model is not required. This study demonstratesvhere it is assumed thatCIO] and [CI] are in equi-
the utility of CHEM2D-OPP for a fast, accurate description librium, as are[NO2] and [NO], and minor reactions
of ozone photochemistry in both NWP and climate applica-(e.g., CIO+hv— CI4-0O, CH302+NO—CH3z0+NOy) are
tions. As a result of this and other pilot studies, a versionneglected Brasseur and Solomori986. Although the

of CHEM2D-OPP was integrated into the operational NCEPCHEM2D model contains the full set of odd oxygen reac-
GFS on 22 August, 2006 as a replacement for the originations, for simplicity’s sake, we have only listed the dominant
GSFC photochemistry parameterization. loss mechanisms irAQ).

We conclude by presenting a short description of pro- Table Al lists these nine dominant odd oxygen loss reac-
posed modifications to the CHEM2D-OPP formulation that tions and their rate constants used to compute the odd oxygen
are likely to offer improved capabilities for these types of photochemical relaxation timey,. The loss rates for these
applications. One proposed modification of CHEM2D-OPPreactions are represented As i=1...9. The CHEM2D
will account for the diurnal cycle in ozone above the 0.1 hPavalues ofL; for each reaction are output at all model latitudes
level. This would improve NOGAPS-ALPHA mesospheric and altitudes on the fifteenth day of each month. Figure Al
shortwave heating rate calculations and correct our model'plots CHEM2D vertical profiles of.; over the equator on 15
high temperature bias compared to Aura MLS temperaturesarch in units of cnm3s~1. The odd-oxygen relaxation time
in this region (e.g.Sassi et a).2005. Another proposed 1o, is determined from the sum of the loss rates from all
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Fig. Al1. Vertical profiles of individual CHEM2D odd oxygen loss rates (c'fn*l) for 15 March over the equator, used to compute the
photochemical relaxation time,,.
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Fig. A2. (a) Vertical profiles of CHEM2DJ, andJ3 photolysis terms for production of atomic oxygen in both ground state and excited state

(0(1D)) for March conditions at 30N; (b) the absolute reduction iy from (a) for an imposed 10% increase in overhead column ozone at
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Table Al.

Table A1. CHEM2D Odd Oxygen Loss Reactions for Computing
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the rateJ>[O2] to changes in the overhead ozone column
amount.

O, Figure A2a plots CHEM2D values of andJ3 for March
conditions at 30N; the reduction in/, for an imposed 10%
Reaction &) k cm® molecule st increase inXp, is plotted in Fig. A2b. Since an increase
1 OrOHoOotH ) > ox10-11,— 120/ in Yo, decreased; in (Al), the sign of the column term
5 O+H02—>OI%H—OZ O S:Oz 10—112—200/7 g (3‘;;3“ |, is ne_gative throughout the stratqsphere (see6§ig.
3 O+NO,—NO+05 ) 56x10-12,180/ T An increase inXo, alsp reduceds, megnmg less ozone is
4 0+ClO—CI4+O, ) 30x10-11—70/T lost through photolysis. However, this has a zero net ef-
5 O+BrO—Br+0, 1) 19x10- 11,230/ T fect on the odd oxygen tendency since ozone photolysis is a
6. 0+03-20, (2)  80x10-12,-2060'T source of atomic oxygen as well as a sink of ozone. This dif-
7. O34OH—0,4+HO; (1) 17x10-12,—940/T fers from the photolysis perturbation terderived from the
8. O3+HO,—OH+20, (1) 1.0x 10~ 14,—490/T linearized set of Chapman (i.e., oxygen-only) photochemical
0. O3+Br—Bro+0, 1) 17x10~11,—800/T reactions in earlier studies (e.¢dartmann 1978, where it

is assumed thdD] remains in photochemical equilibrium in
the upper stratosphere (i.e., above 10 hPa) where ozone pho-
tochemistry is fast. Under this assumption the ozone concen-

nine reactions aso, =[Ox]X«; L;, where[Ox]=[03+0Q] is tration can be expressed as

the photochemical model odd oxygen concentratiom; L;

represents the sum of the individual loss rates, and the fac- ) i
tor «; is the total number of odd oxygen atoms lost per re- [O3]eq= J2k1[O2]7M] ) (A2)
action. For example, the first loss reaction in Table Al re- Jsks

moves one odd oxygen molecule per hydroxyl radical so that
a1L1=k1[OH]. Scalingro, by the ratio% using the ozone

and odd oxygen concentrations from the CHEM2D mOdeltochemistry (see, e.gBrasseur and Solomof198§, their
gives the ozone relaxation time,, which is stored offline in equations 5.251-5.253). Because of the increased complex-
alook-up table as a function of latitude, pressure, and ime Of,, ¢ the generalized ozone balance when reactions with
year. The CHEMZD—OPP scheme in the NOGAPS-ALPHA HO,, NO, CIOy, and BrQ are included, a more tractable
model reads in the values eb, and CO”"eFtS thLem to va;lues approach for determining the column sensitivity term is to
of the linearized photochemistry coefficieht - =—1g 1. estimategg’;;? |, numerically by computing the change in

Table Al lists the temperature-dependent reaction rate$,e model odd oxygen tendenay(P—L)o, in response to
for odd oxygen loss in the middle atmosphere. Evaluationimposed changes in column ozoA&o, whixle holding other

of the temperature dependence can be performed analyt, iaples, (i.e.[Oy], T, other constituents, transport) fixed,
cally (Stolarski and Douglas4989 or numerically, asinthe o< ijjustrated in Figé.

CHEM2D-OPP scheme. Numerical solutions for the tem-

perature dependence are obtained by introducing a tempera-
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the column term expressed here is simply the sensitivity of

This relationship does not hold for generalized ozone pho-

Atmos. Chem. Phys., 6, 4948972 2006 www.atmos-chem-phys.net/6/4943/2006/



J. P. McCormack et al.: CHEM2D-OPP linearized ozone photochemistry 4971

References Eckermann, S. D., Wu, D., Doyle, J. D., Coy, L., Lawrence, B.
N., Stephens, A., McCormack, J. P., and Hogan, T. F.: Imaging
Austin, J., Shindell, D., Beagley, S. R., etal.: Uncertainties and as- gravity waves in lower stratospheric AMSU-A radiances, Part 2:
sessments of chemistry-climate models of the stratosphere, At- Validation case study, Atmos. Chem. Phys., 6, 3343-3362, 2006,
mos. Chem. Phys., 3, 1-27, 2003, http://www.atmos-chem-phys.net/6/3343/2006/
http://www.atmos-chem-phys.net/3/1/2003/ Eckermann, S. D. and McCormack, J. P.: Climatological ozone
Bacmeister, J. T., Siskind, D. E., Summers, M. E., and Eckermann, mixing ratios in NOGAPS-ALPHA, NRL Draft Technical Re-
S. D.: Age of air in a zonally averaged two-dimensional model,  port, 17pp., 2006.
J. Geophys., Res., 103, 11 263-11 288, 1998. Fleming, E. L., Chandra, S., Barnett, J. J., and Corney, M.: Zonal
Barnett, J. J., Houghton, J. T., and Pyle, J. A.: The temperature mean temperature, pressure, zonal wind, and geopotential height
dependence of ozone at the stratopause, Quart. J. Roy. Meteorol. as functions of latitude, COSPAR International Reference Atmo-
Soc., 101, 245-257, 1975. sphere: 1986, Part II: Middle Atmosphere Models, Adv. Space
Blake, D. and Lindzen, R. S.: Effect of photochemical models on  Res., 10(12), 11-59, 1990.
calculated equilibria and cooling rates in the stratosphere, MonFleming E. L., Jackman, C. H., Rosenfield, J. E., and Consi-

Wea. Rev., 101, 783-802, 1973. dine, D. B.: Two-dimensional model simulations of the QBO in
Bloom, S., da Silva, A., Dee, D., Bosilovich, M., Chern, J.-D.,  ozone and tracers in the tropical stratosphere, J. Geophys. Res.,
Pawson, S., Schubert, S., Sienkiewicz, Btajner, I., Tan, W.- 107(D23), 4665, doi:10.1029/2001JD001146, 2002.

W., and Wu, M.-L.: Documentation and validation of the God- Fomichev, V. I., Blanchet, J. P., and Turner, D. S.: Matrix param-
dard Earth Observing System (GEOS) data assimilation system eterization of the 1m band CQ cooling in the middle and

— version 4, NASA Tech. Mem. NASA/TM-2005-104606, 15,  upper atmosphere for variable @@oncentration, J. Geophys.
Technical Report Series on Global Modeling and Data Assim- Res., 103, 11505-11 528, 1998.

ilation, edited by: Suarez, M. J., 165pp., available online at Fortuin, J. P. F. and Kelder, H.: An ozone climatology based on

http://ntrs.nasa.go2005. ozonesonde and satellite measurements, J. Geophys. Res., 103,
Brasseur, G., and S. Solomon, 1986: Aeronomy of the Middle At- 31 709-31 734, 1998.
mosphere, 2nd ed., 452pp, D. Reidel, Norwell MA, USA. Froidevaux, L., Allen, M., Berman, S., and Daughton, A.: The

Burris, J., McGee, T., Hoegy, W.,, et al.: Validation of temperature  mean ozone profile and its temperature sensitivity in the upper
measurements from the airborne Raman ozone temperature and stratosphere and mesosphere: an analysis of LIMS observations,
aerosol lidar during SOLVE, J. Geophys. Res., 107(D20), 8286, J. Geophys. Res., 94, 6389-6417, 1989.
doi:10.1029/2001JD001028, 2002. Froideveaux, L., Livesey, N. J., Read, W. G., et al.: Early validation

Cariolle, D. and 2qwe, M.: Southern hemisphere medium-scale  analyses of atmospheric profiles from EOS MLS on the Aura
waves and total ozone disturbances in a spectral general circula- satellite, IEEE Trans. Geosci. Remote Sensing, 44, 1106-1121,
tion model, J. Geophys. Res., 91, 10 825-10 846, 1986. 2006.

Chou, M.-D., Suarez, M. J., Liang, X. Z., and Yan, M.-H.: A Geer, A. J., Peubey, C., Banister, R., Brugge, R., Jackson, D. R.,
thermal infrared radiation parameterization for atmospheric stud- Lahoz, W. A., Migliorini, S., O'Neill, A., and Swinbank, R.:
ies, NASA Tech. Mem. 104606, 19, Technical Report Series on  Assimilation of stratospheric ozone from MIPAS into a global
Global Modeling and Data Assimilation, edited by: Suarez, M.  general circulation model: the September 2002 vortex split, Q. J.
J., 65pp., 2001. R. Meteorol. Soc., 132, 231-257, 2006a.

Chou, M.-D. and Suarez, M. J.: A solar radiation parameterizationGeer, A. J., Lahoz, W. A., Jackson, D. R., Cariolle, D., and Mc-
for atmospheric studies, NASA Tech. Mem. 10460, 15, Technical Cormack, J. P.: Evaluation of linear ozone photochemistry pa-
Report Series on Global Modeling and Data Assimilation, edited  rameterizations in a stratosphere-troposphere data assimilation

by: Suarez, M. J., 52pp., 2002. system, Atmos. Chem. Phys. Discuss., 6, 7427—7469, 2006b.
Daley, R. and Barker, E.: NAVDAS: formulation and diagnostics, Goerrs, J. and Phoebus, P.. The Navy’s operational atmospheric
Mon. Wea. Rev., 129, 869-883, 2001. analysis, Mon. Wea. Forecasting, 7, 232—249, 1992.

Derber, J. C. and Wu, W.-S.: The use of TOVS cloud-cleared radi-Hadjinicolaou, P. and Pyle, J. A.: The impact of Arctic ozone de-
ances in the NCEP SSI analysis system, Mon. Wea. Rev., 126, pletion on northern middle latitudes: Interannual variability and
2287-2299, 1998. dynamical control, J. Atm. Chem., 47, 25-43, 2004.

Dethof, A. and Holm, E. V.: Ozone assimilation in the ERA-40 re- Harries, J. F., Russell, J. M., Tuck, A. F., et al: Validation of mea-
analysis project, Q. J. R. Meteorol. Soc., 130, 2851-2872, 2004. surements of water vapor from the Halogen Occultation Experi-

Douglass, A. R., Rood, R. B., and Stolarski, R. S.: Interpretation ment (HALOE), J. Geophys. Res., 101, 10202-10 216, 1996.
of ozone temperature correlations, 2, Analysis of SBUV ozoneHartmann, D. L.: A note concerning the effect of varying extinc-
data, J. Geophys. Res., 90, 10693-10 708, 1985. tion on radiative—photochemical equilibrium, J. Atmos. Sci., 35,

Douglass, A. R. and Rood, R. B.: Derivation of photochemical in- 1125-1130, 1978.
formation near 1 mbar from ozone and temperature data, J. GeoHartmann, D. L. and Garcia, R. R.: A mechanistic model of ozone
phys. Res., 91, 11,153-11,156, 1986. transport by planetary waves in the stratosphere, J. Atmos. Sci.,

Eckermann, S. D., McCormack, J. P., Coy, L., Allen, D., Hogan, 36, 350-364, 1979.

T.,and Kim, Y.-J.: NOGAPS-ALPHA: A prototype high-altitude Hogan, T. and Rosmond, T.: The description of the Navy Opera-
global NWP model, Paper P2.6, Preprint Volume, Symposiumon  tional Global Atmospheric Prediction System’s spectral forecast
the 50th Anniversary of Operational Numerical Weather Predic- model, Mon. Wea. Rev., 119, 1186-1815, 1991.

tion, Am. Meteorol. Soc., University of Maryland, College Park, Jackson, D. and Saunders, R.: Ozone data assimilation system: Pre-
MD, 14-17 June, 23pp., 2004.

www.atmos-chem-phys.net/6/4943/2006/ Atmos. Chem. Phys., 6, 4943-2006


http://www.atmos-chem-phys.net/3/1/2003/
http://ntrs.nasa.gov
http://www.atmos-chem-phys.net/6/3343/2006/

4972 J. P. McCormack et al.: CHEM2D-OPP linearized ozone photochemistry

liminary system, United Kingdom Meteorological Office Fore- Sassi, F., Boville, B. A., Kinnison, D., and Garcia, R. R.:
casting Research Technical Report No. 394, 18pp., 2002. The effects of interactive ozone photochemistry on simulations
John, V. O. and Buehler, S. A.: The impact of ozone lines of the middle atmosphere, Geophys. Res. Lett., 32, L0O7811,
on AMSU-B radiances, Geophys. Res. Lett.,, 31, L21108, doi:10.1029/2004GL022131, 2005.
doi:10.1029/2004GL021214, 2004. Siskind, D. E.: On the coupling between middle and upper
Kistler, R., Kalnay, E., Collins, W., et al.: The NCEP-NCAR 50- atmospheric odd nitrogen, Atmospheric Science Across the
Year Reanalysis: Monthly Means CD-ROM and Documentation,  Stratopause, Geophysical Monograph Series no. 123, edited by:
Bull. Am. Meteorol. Soc., 82(2), 247-267, 2001. Siskind, D. E., Eckermann, S. D., and Summers, M. E., Am.
Lindzen, R. S. and Goody, R.: Radiative and photochemical pro- Geophys. Union, 342pp., 2000.
cesses in mesospheric dynamics: Part |, models for radiative an®iskind, D. E., Eckermann, S. D., McCormack, J. P, et al.:

photochemical processes, J. Atmos. Sci., 22, 341-348, 1965. Hemispheric differences in the temperature of the summertime

Long, C. S.: UV index forecasting practices around the world, stratosphere and mesosphere, J. Geophys. Res., 108(D2), 4051,
SPARC Newsletter, No. 21, 20-23, 2003. doi:10.1029/2002JD002095, 2003.

McCormack, J. P. and Siskind, D. E.: Simulations of the quasi- Smith, A. K.: Numerical simulation of global variations of temper-
biennial oscillation and its effect on stratospherig CHy, and ature, ozone, and trace species in the stratosphere, J. Geophys.
age of air with an interactive two-dimensional model, J. Geo- Res., 100, 1253-1269, 1995.
phys. Res., 107, 4625, doi:10.1029/2002JD002141, 2002. étajner, l., Riishgjgaard, L. P., and Rood, R. B.: The GEOS ozone

McCormack, J. P., Eckermann, S. D., Coy, L., et al.: NOGAPS- data assimilation system: Specification of error statistics, Q. J.
ALPHA model simulations of stratospheric ozone during the  R. Meteorol. Soc., 127, 1069-1094, 2001.

SOLVE2 campaign, Atmos. Chem. Phys., 4, 2401-2423, 2004, étajner, I., Winslow, N., Rood, R. B., and Pawson, S.: Monitoring
http://www.atmos-chem-phys.net/4/2401/2004/ of observation errors in the assimilation of satellite ozone data, J.

McLinden, C. A,, Olsen, S. C., Hannegan, B., Wild, O., Prather, M.  Geophys. Res., 109, D06309, doi:10.1029/2003JD004118, 2004.
J., and Sundet, J.: Stratospheric ozone in 3-D models: A simpleStolarski, R. S. and Douglass, A. R.: Parameterization of the pho-
chemistry and the cross-tropopause flux, J. Geophys. Res., 105, tochemistry of stratospheric ozone including catalytic loss pro-
14 653-14 665, 2000. cesses, J. Geophys. Res., 90, 10709-10 718, 1985.

NCEP Office Note 442: The GFS Atmospheric Model, Envi- Strobel, D. F.: Photochemical-radiative damping and instability in
ronmental Modeling Center, National Centers for Atmospheric  the stratosphere, Geophys. Res. Lett., 4, 424-426, 1977.
Prediction, Washington, DChttp://www.emc.ncep.noaa.gov/ Summers, M. E., Siskind, D. E., Bacmeister, J. T., Conway, R. R.,
officenotes/newernotes/on442.pa003. Zasadil, S. E., and Strobel, D. F.: Seasonal variation of middle at-

Peuch, A., Tkpaut, J.-N., and Pailluex, J.: Dynamical impact of = mospheric Ci{ and HO with a new chemical-dynamical model,
total-ozone observations in a four-dimensional variational assim- J. Geophys. Res., 102, 3503-3526, 1997.
ilation, Q. J. R. Meteorol. Soc., 126, 1641-1659, 2000. Swinbank, R. and Ortland, D. A.: Compilation of wind data

Randel, W. J.: Kelvin wave-induced trace constituent oscillations in  for the Upper Atmosphere Research Satellite (UARS) Refer-
the equatorial stratosphere, J. Geophys. Res., 95, 18 641-18 652, ence Atmosphere Project, J. Geophys. Res., 108, D19, 4615,
1990. doi:10.1029/2002JD003135, 2003.

Randel, W. J.: Global variations of zonal mean ozone during strato-Turco, R. P. and Whitten, R. C.: A note on the diurnal averaging of
spheric warming events, J. Atmos. Sci., 50, 3308-3321, 1993. aeronomical models, J. Atmos. Terr. Phys., 40, 13—-20, 1978.

Randel, W. J. and Gille, J. C.: Kelvin wave variability in the upper Untch, A., Simmons, A. J., Hortal, M., and Jakob, C.: Increased
stratosphere observed in SBUV data, J. Atmos. Sci., 48, 2336— stratospheric resolution in the ECMWEF forecasting system, Pro-
2349, 1991. ceedings of the SODA Workshop, 9-10 December 1998, KNMI,

Randel, W., Udelhofen, P., Fleming, E., et al.: The SPARC inter- de Bilt, then Netherlands, 45-52, 1999.
comparison of middle-atmosphere climatologies, J. Clim., 17, Wang, H. J., Cunnold, D. M., Froideveaux, L., and Russell, J. M.:
986-1003, 2004. A reference model for middle atmosphere ozone in 1992—-1993,

Riishegaard, L. PStajner, I., and Lou, G.-P.: The GEOS ozone data  J. Geophys. Res., 104, 21 629-21 643, 1999.
assimilation system, Adv. Space Res., 25, 1063-1072, 2000. Zhu, X., Summers, M. E., and Strobel, D. F.: Calculation of,d6

Salby, M. L., Callaghan, P., Solomon, S., and Garcia, R. R.: Chemi- micron band atmospheric cooling rates by Curtis matrix interpo-
cal fluctuations associated with vertically propagating equatorial lation of correlated k-coefficients, J. Geophys. Res., 97, 12 787—
Kelvin waves, J. Geophys. Res., 95, 2049120 505, 1990. 12797, 1992.

Sander, S. P., Friedl, R. R., Ravishankara, A. R., et al.. Chemi-
cal kinetics and photochemical data for use in atmospheric stud-
ies, Evaluation No. 14, Jet Propulsion Laboratory, Pasadena CA,

USA, 2003.

Atmos. Chem. Phys., 6, 4948972 2006 www.atmos-chem-phys.net/6/4943/2006/


http://www.atmos-chem-phys.net/4/2401/2004/
http://www.emc.ncep.noaa.gov/officenotes/newernotes/on442.pdf
http://www.emc.ncep.noaa.gov/officenotes/newernotes/on442.pdf

