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Abstract. The forecast model and three-dimensional vari-1 Introduction

ational data assimilation components of the Navy Opera-

tional Global Atmospheric Prediction System (NOGAPS) The extension of numerical weather prediction (NWP) mod-
have each been extended into the upper stratosphere armds to higher altitudes has been motivated by both the desire
mesosphere to form an Advanced Level Physics High Alti- to improve extended-range weather forecasts, and the goal of
tude (ALPHA) version of NOGAPS extending t0100 km. improving understanding of the middle atmosphere. Incor-
This NOGAPS-ALPHA NWP prototype is used to assimilate porating a realistic stratosphere has resulted in some gains
stratospheric and mesospheric temperature data from the Min extended-range forecasts (Jung and Leutbecher, 2007), is
crowave Limb Sounder (MLS) and the Sounding of the At- expected to benefit the assimilation of new microwave mea-
mosphere using Broadband Emission Radiometry (SABER}surements (Han et al., 2007), and has served as the basis
instruments. A 60-day analysis period in January and Februfor reanalysis (Uppala et al., 2005, Bloom et al., 2005) used
ary 2006, was chosen that includes a well documented stratdor trend studies and transport calculations. Research NWP
spheric sudden warming. SABER and MLS temperatures inimodels such as the Canadian Middle Atmosphere Model
dicate that the SSW caused the polar winter stratopause 4€CMAM) have added a full mesosphere, and have been used
~40km to disappear, then reform a80km altitude and to characterize the impact of assimilation schemes on the
slowly descend during February. The NOGAPS-ALPHA mesospheric forecast (Polavarapu et al., 2005; Sankey et al.,
analysis reproduces this observed stratospheric and mes@007; Ren et al., 2008). In these studies the assimilated mea-
spheric temperature structure, as well as realistic evolutiorsurements were confined to altitudes betewhPa, a limit

of zonal winds, residual velocities, and Eliassen-Palm fluxesdefined by the altitude range of the thermal channels of the
that aid interpretation of the vertically deep circulation and Advanced Microwave Sounding Unit-A (AMSU-A ) instru-
eddy flux anomalies that developed in response to this wavement (see Fig. 1).

breaking event. The observation minus forecast (O-F) stan- In this paper, we report on the assimilation of stratospheric
dard deviations for MLS and SABER are2K in the mid-  and mesospheric temperature measurements from the Sound-
stratosphere and increase monotonically to about 6 K in théng of the Atmosphere using Broadband Emission Radiome-
upper mesosphere. Increasing O-F standard deviations in they (SABER) (Russell et al., 1999) and the Microwave Limb
mesosphere are expected due to increasing instrument err@ounder (MLS) (Waters et al., 2006) instruments. These re-
and increasing geophysical variance at small spatial scalesearch limb-sounding instruments provide measurements at
in the forecast model. In the mid/high latitude winter re- altitudes well above those currently available from sounders
gions, 10-day forecast skill is improved throughout the up-whose data are assimilated operationally by NWP centers.
per stratosphere and mesosphere when the model is initialFhe temperature retrievals from MLS and SABER are only
ized using the high-altitude analysis based on assimilation ofveakly dependent upon the assumed background state, al-
both SABER and MLS data. lowing the direct assimilation of temperature profiles rather
than radiances, as opposed to nadir-sounding instruments
such as AMSU-A and the Special Sensor Microwave Im-
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.0001 (Siskind et al., 2007) and illustrates the importance of having
NOGAPS-ALPHA, L68 11100 a system which extends from the ground to the upper meso-
.001 F CMAM [Sankey et al, 2007]  — sphere. These results also demonstrate the impact and chal-
_ - lenges of assimilating upper stratospheric and mesospheric
01 | observationtop.....f || |.. 180 © temperatures in NWP models.
s o f The paper is organized as follows. Section 2 presents an
£ oir | | = overview of the NOGAPS-ALPHA forecast model compo-
g y m|] 60 % nent. Section 3 describes the new high-altitude version of
2 1 LNOGAPS-OPS. L30 |CD| | Cﬂ - c</() a e NAVDAS used in NOGAPS-ALPHA and the satellite data
o < ®) = s 140 & sets to be assimilated. Section 4 describes results from the
10+ DI 0 % 3 assimilation run for the January—February 2006 period. Sec-
Nl D (I') tion 5 summarizes these results and outlines future research
okl [E] a2 120 directions.
<| |<| |& S
1000 [ L] L 0

2 NOGAPS-ALPHA global forecast model

Fig. 1. The approximate vertical range of selected satellite-based . . .
temperature measurements. AIRS, GPS-RO, and the SSMIS stratd-N€ operational NOGAPS global forecast model is described
spheric channels are not assimilated in this study. Also shown arén detail by Hogan and Rosmond (1991) and Hogan et
the forecast model tops of the L30 operational NOGAPS and theal. (1991). Briefly, the dynamical core is Eulerian, hydro-
L68 NOGAPS-ALPHA used in this study, and the highest level static, spectral in the horizontal with an energy and angular-
used for assimilating observations in this study (dotted line). Themomentum conserving finite-difference formulation in the
CMAM (Sankey et al., 2007) has also been used to study the impacyertical based on a generalized vertical coordinate (Sim-
of (jata assimi[ation on the mesosphere, but with AMSU-A obser-mons and Burridge, 1981). For the experiments reported
vations extending only to-1 hPa. here, the forecast model was run using a triangular spec-
tral truncation at wavenumber 79 (T79), corresponding to a
grid point resolution on the quadratic Gaussian grid of 1.5
The model's dynamical variables are relative vorticity, diver-
gence, virtual potential temperature, specific humidity, and
terrain (surface) pressure. The model is central in time with

high-altitude version of the Navy’s Operational Global At- a .S(.?ml-lmphCIt tref’:ltment of'gravny wave prppagatlon, m-
plicit zonal advection of moisture and vorticity, and Robert

”_‘OSPhe“C Prediction System (NOGAPS). NOGAPS Ccm'(AsseIin) time filtering (Simmons et al., 1978; Simmons and
sists of a global spectral forecast model (Hogan and Ros-

mond, 1991) plus the Naval Research Laboratory (NRL) At_Jarraud, 1983). The operational model includes physical pa-

mospheric Variational Data Assimilation System (NAVDAS) ::Pitgﬂrfgg?n; Ogr\zech?uCizl fg;ugs'“l/_((a)J?:g?g?rtllgsgecgbar;;
(Daley and Barker, 2001), and currently runs operationally y ylay ' ' " p

from the ground up te~1 hPa. The high-altitude extension to a land surface model (Hogan, 2007), orographic gravity-

of NOGAPS, which is designated NOGAPS-ALPHA (Ad- wave and flow-blocking drag (Webster et al., 2003), shallow

. . . cumulus mixing (Tiedtke, 1984), deep cumulus convection
vanced Level Physics-High Altitude), extends the top of the . . )
system from the mid stratosphere up~+d00km altitude. (Emanuel and Zivkovic-Rothman, 1999; Peng et al., 2004),

The initial extension and performance of the forecast modef:onvectlve, stratiform and boundary layer clouds and precip-

) ; . itation (Slingo, 1987; Teixeira and Hogan, 2002), and short-
component of NOGAPS-ALPHA running without NAVDAS wave and longwave radiation (Harshvardhan et al., 1987).

have_ been progressively documented in a number of rece%OGAPS runs operationally at T239L30 with only a few
studies (e.g., Eckermann et al., 2004, McCormack et aI"thick highly-diffused stratospheric levels abov@5 hPa.

2004; Coy et al., 2005; Allen et al., 2006; McCormack et : . .
] L While seeking to retain most of the features of the op-
al., 2006; Eckermann et al., 2007; Siskind et al., 2007). In____ :
. C .. erational model, the ALPHA version of the forecast model

this study we run NOGAPS-ALPHA for the first time with . o .

o . . incorporates a number of additions and modifications. One
NAVDAS to allow for the assimilation of higher altitude data o . . .

such addition is prognostic ozone with parameterized photo-

provided by MLS and SABER. chemistry (McCormack et al. 2004, 2006; Coy et al., 2007).

We will show the resuits of assimilating MLS and SABER The most important model enhancements for this study are
temperatures into NOGAPS-ALPHA up to 0.01 hPa during described beFI)ow y

January—February 2006, a time period corresponding to a
well documented stratospheric major warming. This time
period exhibits very strong vertical coupling between the tro-
posphere, stratosphere and mesosphere via gravity wave drag

requirements, although the MLS team is working on near-
real-time retrieval algorithms (Nathaniel Livesey, personal
communication, 2008).

Here the MLS and SABER data are assimilated into a
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2.1 \Vertical model levels mixing ratios in the radiation calculation here use the zonal-
mean observational climatology described by Eckermann et
NOGAPS-ALPHA can be run with a variety of vertical level al. (2007), which uses only daytime ozone values at altitudes
spacing and top boundary levels. The NOGAPS-ALPHA above 0.3 hPa where ozone varies diurnally. The radiation
forecast model also replaces thecoordinate used in NO- schemes can also use the model's three-dimensional prog-
GAPS (Hogan and Rosmond, 1991) with a hylarid p coor- nostic ozone fields, but that option is not used in the experi-
dinate that transitions smoothly from terrain-following levels ments reported here.
at the surface to isobaric levels in the lower stratosphere and To reduce the computational burden, the radiative heating
higher (Eckermann et al., 2004; Eckermann, 2008a). Theand cooling rates are updated in the model every two hours,
version used here contains 68 model layers (L68), with aand the longwave cooling rates can be computed on a reduced
model top at 0.0005hPa~@6 km). The lowest levels are horizontal grid then re-interpolated back onto the model grid,
identical to the operational L30 setup, but then transitionthough the latter option was not used here.
to isobaric layers at altitudes abowe37 hPa, with a height
thickness ofAZ~2 km throughout the middle atmosphere. 2.3 Middle atmospheric gravity wave drag

Isobaric models levels in the middle atmosphere should aid ) ] ]
the assimilation of satellite temperature and constituent re\Ve& parameterize nonorographic gravity wave drag (GWD)

trievals which are provided on pressure levels (e.g., Simmon§€ré using the Whole Atmosphere Community Climate
et al., 1989; Trenberth and Stepaniak, 2002). The top twdlodel (WACCM) scheme, described in Appendix A of Gar-
model layers constitute a “sponge layer” and, for the LegCia €t al. (2007). As implemented here, we apply only
model formulation adopted here, span the range of 0.0005{N€ gravity wave momentum flux divergence tendencies to
0.00089 hPa. Damping is achieved through an increase ithe model. GWD-induced vertical d|ffu§|vmes, while cal-
the spectral diffusion coefficient from the background val- culated, are not at present used to mix momentum, heat
ues applied lower down. Additional damping is applied to and constituents. Benchmark_lng and optimal tuning of t_h|s
the virtual potential temperature in the sponge layer in a wayScheme in NOGAPS-ALPHA is underway through a series

that relaxes temperatures towards an isothermal state. of multi-year forecast and climate simulations which will
be reported elsewhere (see, e.g., Eckermann et al., 2008b).

2.2 Radiative heating and cooling rates Here, we choose parameter values similar to those currently
used in WACCM. In every grid box we launch at 500 hPa

The Harshvardhan et al. (1987) radiation schemes used i gravity waves whose momentum fluxes have a Gaussian
the operational NOGAPS have been replaced by the NASAdlstnbutmp as a fgnctlon of intrinsic phase speed, centered
CLIRAD (climate radiation) shortwave (SW) and longwave at zero with of width of 30ms'. The 65 waves sample
(LW) radiation parameterizations of Chou and Suarez (1999)th|s spectrum_ evenly between |.ntr|n3|c phase speed limits of
and Chou et al. (2001), respectively, which both extend+80ms*, with all waves coaligned with the source-level
through the stratosphere t0.01 hPa. LW cooling rates are Wln_d _dlrect|0n. We use the same Ia_tltudma_l and seasonal
also computed using the scheme of Fomichev et al. (199gyariation of the source spectrum as in Garcia et al. (2007)
to account for the effects of non-local thermodynamic equi-With & background stress'=0.007 Pa. To yield a realistic
librium (non-LTE) on infrared (IR) C@emissions at higher Polar summer mesopause temperature in the model, we re-
altitudes. The final LW cooling rate profile blends CLIRAD duced the gravity wave drag efficieneyfrom its nominal
cooling rates at lower altitudes with Fomichev et al. (1998) WACCM value of 0.125 to 0.050. While available, we do not
rates at high altitudes using a ramped linear weighting cen4S€ the WACCM orographic gravity wave drag parameteriza-
tered at~75km altitude (see Eckermann et al., 2008b for tion. Instead, we use the Palmer et al. (1986) scheme which
details). CLIRAD also includes a heating rate contribution "as been found to capture the interannual variations of the
from near-IR CQ absorption that becomes unrealistically Arctic winter stratopause tempgrqtures during 2006 in previ-
large in this scheme near 0.01hPa (see Eckermann et alPuS NOGAPS-ALPHA runs (Siskind et al., 2007). Parame-
2007). These rates are overestimated at high altitudes durized gravity waves deposit all their remaining flux in the
to omission of non-LTE effects, and thus this band’s contri- tOP SPonge layer to conserve column momentum. Section 4.3
bution is deactivated in the experiments reported here. wdurther describes the effectiveness of the GWD scheme in
are currently testing the non-LTE near-IR g€@eating rate maintaining the observed zonal mean temperatures.
parameterization of Fomichev et al. (2004) in NOGAPS-
ALPHA as a potential replacement for CLIRAD near-IR
heating rates at high altitudes.

These radiation schemes use the model’s specific humiditg 1 NAVDAS
fields from the surface to 200 hPa: above this level specific
humidities are specified using the zonal-mean observationalhe NRL Atmospheric Variational Data Assimilation Sys-
climatology described in Eckermann et al. (2007). Ozonetem (NAVDAS) is a three-dimensional variational (3DVAR)

3 Assimilation setup
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data assimilation system (Daley and Barker, 2001), designedot been explored for this work. The multivariate correla-
for use with both global and mesoscale NWP models. NAV-tions are derived from hydrostatic and geostrophic balance
DAS became operational in NOGAPS in October 2003. constraints, following the formalism of Daley (1991) and Da-
NAVDAS solves the 3DVAR equation in observation space, ley and Barker (2001). The strength of the temperature-wind

i.e. geostrophic coupling is given by the factor 0.9*$i}j for
r r latitudes|¢|>30°. The coupling factor decreases rapidly to
Xa—Xp=PpH {HP, H" +R}[y—H (xp)] (1) zero equatorward of 30 The background error covariances

) ) ) control how the information is spread from the observation to
wherex, is the analysis vecto, is the background vec-  he gyrrounding grid points, and to other variables (e.g., wind
tor,. Py is the br_alckground error covariancg,Is the obser-  ,pservations will produce height increments away from the
vation vector,R is the observation error covariance, and the equator).
superscript” denotes transpose. In general, the application e research version of NAVDAS used in this study has an
of the observation or forward operatHrrepresents any nec-  eyianded vertical range with a data top at 0.01 hPa. Satellite
essary spatial and temporal interpolations from the forecaspyserations that are currently assimilated operationally, and
model background to the observation location and time. If ;soq in this study, include AMSU-A radiances (Baker et al.
the observed guantity is not directly related to the mc')deI2005)’ surface winds and total precipitable water from po-
state variables, the/ also represents the tran_sformatlon lar orbiting microwave imagers, atmospheric motion vectors
from the forecast values to the observed quantity. The Magom polar and geostationary satellites, and surface winds
trix H is the Jacobian matrix corresponding to the forward oy scatterometers. A complete list of assimilated obser-
operatorH(;c,,) linearized _about the ba}ckgrou_nd state vector., 4tion types, and typical data counts may be found in Baker
The analysis vector consists of the gridded fields of temperag, 51 (2007). Measurements from the Atmospheric Infrared
ture, winds, geopotenfﬂal height, and pseudo-relative humidgq ,nqer (AIRS), Global Positioning System-Radio Occulta-
ity (e.g. Dee and da Silva, 2003). tion (GPS-RO), and SSMIS are not included in this study.

For the appllcajuons discussed in this paper, the analyseg; this study, AMSU-A channel 10, which has a weighting
are computed using a 6-h update cycle, adis the 6-h  ¢,ction that peaks around 50 hPa, is the highest AMSU-A
forgcast from the previous update cyple. However, the inn0-cpannel that is used. Higher-peaking channels 11-14 are not
vations, y—H (x), are calculated using the 3-, 6- and 9-h ;56 que to the tendency of the current operational radiance

NWP forecasts interpolated to the observation location and,i5s correction scheme (Campbell et al., 2005) to reinforce
time (linear in time; bicubic in horizontal space; log pres- (o model bias at these levels.

sure in the vertical). This makes NAVDAS a low-time res-

olution 3DVAR-FGAT (first guess at appropriate time) algo- 3.2 MLS data

rithm. The innovations (also called the observation minus

forecast, or O-F) represent the deviation of the forecast fronirhe Microwave Limb Sounder (MLS) was launched aboard

the observations, in observation space. The quasjity, the Aura satellite in July 2004 (Waters et al., 2006). It

is the correction vector in model grid space. retrieves atmospheric temperature using limb observations
The solution to (1) is calculated in observation space, us-of the 118-GHz @ and the 234-GHz &0 spectral lines.

ing the following 3 steps. First, we calculate the observationHere retrieval version 2.2 (v2.2) temperatures between 32—

space matrix and innovation vector: 0.01 hPa are assimilated into NOGAPS-ALPHA. The preci-
sion of the temperature measurement is 1 K or better at alti-
A=HP,HT+R; d=y—H (x3) (2)  tudes below 0.316 hPa, but degrades-@.2K at 0.01 hPa
. (Schwartz et al., 2008). Schwartz et al. (2008) presented
Next, we solve the linear system: comparisons of MLS v2.2 temperatures with correlative data
Az—d 3) sets. They showed that while the bias in the stratosphere was
generally less than 2 K when compared to other observations,
Last, we perform the post-multiplication: at some levels there were persistent MLS temperature biases
T with ~3 K peak-to-peak vertical structure. In the mesosphere
Xa—xp=PpH"z (4) MLS v2.2 temperatures are0—7 K lower than most other
measurements.

The background error covariancBy, is formulated as a ] )
separable product of vertical and horizontal functions. The 1N€ horizontal resolution of the MLS temperature mea-
background variances are static, and specified as a fun@GUrements in the stratosphere is abedB0 km along track

tion of latitude and pressure. A second-order autoregressiv@nd~12 km cross-track. Because here the forecast model is
(SOAR) function is used to represent spatial correlations in€ing run atalower resolution (T79) than either the MLS and
the vertical and horizontal, with correlation lengths that vary SABER data resolution, the analysis does not account for the

as a function of variable and pressure level. Options are builPECific limb sampling geometry.
into NAVDAS for non-separable formulations, but these have
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Longitude Fig. 3. (a) The SABER (v1.06)-MLS (v2.2) global temperature bias

estimate. If) The global average O-F for MLS and SABER for the
Fig. 2. Example of the MLS (squares) and SABER (crosses) mea_\]anuar:y—gzgg;ry 2006 analy5|s._The blas_pr_(l)fll'e (2) was su_btrzc_ted
surement locations during a 6-h assimilation cycle on 5 Februaryﬂgjmt € temperatures prior to assimilation summarized in
2006 at 00:00 UTC. The color shading shows the analysis-forecasg )-
(xq-xp, in Eq. 1) temperature correction (K) at 0.04 hPa.

the pressure range of 32-0.019 hPa. Remsberg et al. (2003)

The vertical resolution of the temperature retrievals, ex-estimated the precision by calculating the zonal standard de-
pressed as the full-width half-maximum (FWHM) of the av- Viation at 50 S during the summertime when geophysical
eraging kernel is~3.5km at 31.6 hPa, and degrades at alti- Variability is low. The estimated precision waslK at
tudes above 20 hPa t86.2km at 3.16 hPa and14km at  32hPa, and monotonically increases~+d K at 0.01 hPa.
0.01hPa (Schwartz et al., 2008). In principle, the assim-The SABER v1.06 temperatures are known to have a low
ilation algorithm should incorporate the retrieval's height- Pias of ~5-10K in the cold polar summer mesopause re-
dependent vertical averaging kernel in the observation oper@ion (Kutepov et al., 2006), a problem that has been cor-
ator (H in Eq. 1). For MLS temperatures, this is problematic 'ected in the most recent retrieval version (Remsberg et al.,
near the top of the analysis domain (0.01 hPa) because th&008). This bias is not corrected for in the analysis, and thus
observation temperature is sensitive to temperatures abov@dinarily would lead to analysis errors near 0.01hPa in the
the top. Thus, for simplicity, in this work NAVDAS uses a Southern polar region for this assimilation experiment. How-
Gaussian vertical averaging kernel for MLS with a FWHM €ver, SABER views to the side of the spacecraft and dur-
of ~4km at all altitudes. This analysis averaging kernel ing January-February 2006 was preferentially viewing high
is smaller than the true MLS averaging kernel in the uppernorthern (winter) latitudes only, with data in the summer
stratosphere and mesosphere, and is a possible source of &emisphere extending only te52° S. The SABER retrieval

ror at altitudes above-0.1 hPa. vertical resolution is~2 km and the along-track profile spac-
ing is ~3°. The forecast model vertical resolution in the
3.3 SABER data stratosphere and mesosphere is al&km. Therefore the

analysis observation operator, H, for the SABER observa-
SABER is a 10 channel broadband, limb-viewing, infrared tions uses vertical interpolation with no extra smoothing.
radiometer which has been measuring stratospheric and
mesospheric temperatures since the launch of the Therm@®.4 Assimilation of MLS and SABER data
sphere lonosphere Mesosphere Energetics and Dynamics
(TIMED) satellite in December 2001. Stratospheric tem- NOGAPS-ALPHA assimilates MLS and SABER tempera-
perature is obtained from the L3n radiation of CQ. This  tures between 32 and 0.01 hPa. Figure 2 illustrates the MLS
emission is in local thermodynamic equilibrium (LTE) in the and SABER measurement locations during one particular 6-h
stratosphere and lower mesosphere and has been extensivelgalysis update. It also shows the correction fiejdx;, and
discussed and validated by Remsberg et al. (2003). In thdlustrates the horizontal spreading of the observation impact,
middle to upper mesosphere and lower thermosphere (MLT)which is controlled by the background error covariance. The
non-LTE conditions prevail. Initial results from a non-LTE horizontal correlation length of the background temperature
temperature retrieval have been presented by Mertens d¢ 385km . At altitudes above 0.01 hPa, the upper-level cor-
al. (2004). Here we use retrievals with the non-LTE ef- rection fields are damped over a height range-6fkm be-
fects included (Version 1.06 in the SABER database) overfore reverting to the free-running forecast model fields up to

www.atmos-chem-phys.net/8/6103/2008/ Atmos. Chem. Phys., 8, 6108-2008
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Fig. 4. Northern polar temperature (K) as a function of time and pressur@f@ABER and ) NOGAPS-ALPHA analysis. The contour

interval is 10 K. Contours less than 210K are shaded blue/purple. Contours greater than 230K are shaded green/orange/red. The SABEF
bias correction used in the analysis has also been applied to the SABER data shown here. SABER profiles at and poléWhiaref 80
averaged over a day. The NOGAPS-ALPHA north pole temperatures are plotted at 12:00 UTC only. For clarity, a 3 point box smoothing
was performed both vertically and in time on the NOGAPS-ALPHA temperatures.

0.0005 hPa. Although no measurements are assimilated at e+ Results
titudes above 0.01 hPa, we find that the model layers between

0.005hPa and 0.0005 hPa are still important for capturingg 1 Analysis of the 2006 stratospheric sudden warming
the effects of gravity wave breaking on the mesospheric and

stratospheric circulations. : .
. . e The analysis period of January—February 2006 encompasses
The background temperature error variance is specified as . .
. . . a well-documented stratospheric sudden warming (Manney
a static function of pressure and latitude. Above the 32hPa . i ’
. . . et al., 2008a; Manney et al., 2008b; Hoffmann et al., 2007,
level, the error variance is in the range of 1.3 to 16.1K, in-

creasing with altitude and increasing poleward. The obser-S'SkInd etal., 2007, Coy et al., 2008). The Northern Hemi-

vation errors are taken from the SABER and MLS retrieval spherg winter of 200.6 was disturbed by a major strato
. . . ) . spheric sudden warming (SSW) on 20 January 2006. After
files with two additional constraints. The minimum observa- : X
. . the major SSW the lower stratosphere remained warm un-
tion error is set to the larger of 2K or 30% of the O-F mag- .. ; . i

1il the end of February, while during the same time the po-
far stratopause reformed at an unusually high altitude. Fig-

innovations from being rejected by quality control filters in ure 4 compares the daily polar temperature from NOGAPS-

the analysis algorithm. With these choices for the error vari- ; . .
ance, the analysis is tightly constrained to the SABER an LPHA with the SABER observations. The analysis cap-

MLS observations, with RMS residual differences (A-O) of ures the descent of warm air after the major SSW, the d!s'
oK. appearance of the stratopause in late January, and the high-

L Ititude reformation of the stratopause in early February.
Global mean systematic biases between MLS a_nd SABE.Rthere are small differences between the NOGAPS-ALPHA
temperatures have been removed to prevent the introduction

. X . and SABER temperatures because the analysis provides a
of spurious temperature structures in the analysis. The reI—S noptic polar value. while the SABER estimate is from
ative bias between SABER and MLS temperatures was estizY1oPUC P ’

mated from the globally averaged innovation (O-F) statistics a limited range of longitudes and local times poleward of

The difference between the average SABER and MLS inno-?300 N. The high stratopause formation on 1 February seen

vation, shown in Fig. 3a, was used to modify the SABER n .SABER oceurs near the top of the aSS|m|_Iated obser
. LT L . N vations at 0.005hPa and is lower and cooler in the analy-
data prior to assimilation. This bias estimate is similar to the . o
) . sis. Manney et al. (2008b) noted the difficulty of reproduc-
SABER-MLS differences reported in the MLS temperature ; - . . d
o . ing this high-altitude stratopause in the version 5 Goddard
validation study of Schwartz et al. (2008). Figure 3b shows .
. . Earth Observing System (GEOS-5) and European Centre for
the global average O-F for the analysis performed with the,, . "o" - Ave v e oo cacrd (ECMWF) analyses. This
bias-corrected SABER data. The MLS and SABER aver- 9 Y

age innovations differ by less tharl K, which suggests that difficulty is presurr_1ab|y due to th? absence of mgsospherlc
. : . temperature data in these analysis, which must instead rely
most of the relative bias between the instruments has been - . .
removed using this simple procedure on the accurate parameterization of subgrid-scale orographic
' (Siskind et al., 2007) and non-orographic (Ren et al., 2008)

GWD in the forecast model to force the stratopause changes
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(a) 2006 01 1812 (b) 2006_7(_)71“»20 12

a.s

(c) 2006012212 (d) 2006012412

Fig. 5. Analyzed NOGAPS-ALPHA geopotential heights (km) at 10 hPa on 18-24 January 2006 at 12:00 UTC.&dhasgh ¢) show

the fields at 2-day intervals. The Lambert equal area projections are centered on the North Pole and extend to the equator. Zero degree
longitude is at the bottom. The contour interval is 0.2km. Heights less than 30.4 km have blue/purple shading and heights greater than
30.6 km have yellow/green/light-blue shading and black contours.

during the SSW. This is made more difficult by the lower Aleutian high is apparent. By 20 January 2006 (Fig. 5b)
model tops of 0.01 hPa for GEOS-5 and ECMWEF-. the developing anti-cyclone (near @9, 80° E) is already

. . . . stronger than the weakening Aleutian high. The 10hPa
The major SSW resulted from the rapid advection of tropi- geopotential height of the developing anti-cyclone contin-

cal, low potential vorticity (PV) air over the pole near 10 hPa ues to increase to over 40.2km on 22 January as it moves

(Coy et al., 2008). As this low PV air was transported OVer | icer to the pole (Fig. 5¢), and peaks at over 40.4 km on 24

the pole, conservation of PV induced an anti-cyclonic circu- . . S :

. ) . . January (Fig. 5d). The Aleutian High is now gone, having
lation along with an associated high pressure system. Themer ed” with (i.e., wrapped around) the developing high
development of this high pressure system can be seen in the g o PP bing hign,

. ; . ; similar to the merging Aleutian and developing highs that

,t:lrgaGk?nPS\;vgl\_::rg tgii(i)tirja\?[teedn:lr?elz h(enllg\r/]vta]:glastrgzli%n?f t:;)h?- occurred in the January 1992 minor warming (see O’Neill et

KINg P . N OTITOPI 1., 1994). While the high is developing, the low of the po-

cal air occurs at 10 hPa near the Greenwich Meridian on 1 ar vortex fills in as the vortex weakens. as can be seen b
January 2006, although the developing high is too small to ' y

be seen at this time (Fig. 5a), and only the quasi-stzationatr;‘fhe shrinking of the purple area over time in Fig. 5. Thus
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6110 K. W. Hoppel et al.: Assimilation of MLS and SABER data into a NWP model

(a) 1--10 Jan 2006 , (0)
~
0.01 !-\' S '5 80 0.01 S 80
N fé i
0.1 1 7L BN 0.1 .
60,5 k/_\ GOE
~\ X
P RO Sl : f
£ 1 2 ~ 5 £ 1 =
: ' TR g 3 L §
5 Y, T 5 P T
* i 40 o b 40 ¢
%] 2 e 5 7] 5
[} - (]
2 J:'/j N § g 10 R g
o 1 =) [ . & £
\/ r 20 20
100 4 * ? 100
> o =
1000 = S 0 1000 D Mo
-90 -60 -30 0 30 60 90 -90 -60 -30 0 30 60 90
Latitude (Degrees) Latitude (Degrees)

Fig. 6. Zonally averaged diagnostics from NOGAPS-ALPHA analyses d1{10 January 2006 ant)(10-20 February 2006. Shown

are: temperature (K), 10 K contour intervals, white contours, with temperature greater than 230 K shaded green/orange/red and temperatur
less than 170K shaded blue; zonal wind (ms 10 ms 1 contour intervals, black contours, with the heavy black curve showing the zero
value; vertical component of the EP flux {0~3 kg m3s~2), blue contours, contour intervals of 100, 300, 500, yellow shaded; EP flux,

blue vectors, maximum vertical component 20° kg m3s~2, maximum horizontal component 15Q0° Kg m3s~2; residual circulation
velocities, red vectors, maximum vertical component 0.025 freaximum horizontal component 9 m%

the NOGAPS-ALPHA assimilation realistically captures the at higher altitudes, at and above the 0.1 hPa level, forced
mid-stratospheric evolution of the major SSW, consistentmainly by the gravity wave drag parameterization acting in
with operational analyses, in addition to the mesospheridhe upper part of the westerly jet where the zonal winds are
temperature evolution during this highly dynamic time. decreasing with altitude. Note that, after the SSW, the merid-
A key test of the analysis is the quality of meteorological io_nal circulatiop in the mesosphere is strong into the .zo_nal
quantities other than the temperature, which is directly con—WInd westerly jet, and Weak north_ of the mesospheric jet.
The unusual mesospheric jet seen in February 2006 has been

strained by the assimilation. Figure 6 shows some zonally L
averaged diagnostics before (Fig. 6a) and after (Fig. 6b) théwt'EOI by Manney et al. (2008b) and Siskind et al. (2007) The

major SSW, including zonal winds, Eliassen-Palm (EP) flux ability of NOGAPS-ALPHA to produce realistic winds and

vectors (a measure of planetary wave activity and propaga(_jerlved secondary circulations and planetary wave diagnos-

tion) and velocity vectors of the residual mean meridional :|hcs 'r? tEle r;esosphere_wnl enable detailed future studies of
circulation. Before the SSW the Northern Hemisphere plan- IS ighly dynamic region.
etary waves are strong (as evidenced by the large upwar i -

and equatorward EP flux vectors in Fig. 6a) and the North-El'2 O-F statistics
ern Hemisphere zonal-mean zonal winds are weak. After thel.
SSW, the planetary waves are weak and the zonal winds ar

strong in the winter mesosphere. In the winter stratospher

the zonal winds remain weak with a prominent zero-wind ity of an assimilation by examining the observation minus

I!ne near 60N in the lower straj[osphere. This zero-wind forecast (O-F) statistics generated by the analysis. As de-
line blocks the vertical propagation of planetary waves N€alscribed in Sect. 3.1, each O-F value is calculated for a fore-
60° N after the SSW. The temperatures after the SSW ShOV\éaSt time of 3 to 9h during an update cycle. For each 6-h

the elevated polar stratopause (near 0.02 hPa), with cold a'Lerdate cycle, O-F statistics (mean, standard deviation, corre-

at. 1hPa, the typical winter polar stratopause height (as MNation coefficient) were calculated in 2@atitude bins. The

Fig. 6a). statistics were then averaged over all update cycles during
The residual mean meridional circulation (red arrows inthe analysis period. As Fig. 2 illustrates, the observations

Fig. 6) shows strong poleward and downward motion northin mid- and low-latitude regions generally consist-o40—

of 60° N at 1 hPa before the SSW, forced mainly by the EP 100 profiles per latitude bin distributed along 6 north-south

flux divergence of the planetary scale waves. After the SSWopriented tracks for each instrument. Figure 7a—c shows the

the poleward and downward motion north of®0is located  mean O-F for three latitude bins representing mid-latitude

here are currently few stratospheric and mesospheric tem-
erature measurements that can be used as an independent
alidation of the analysis. We therefore characterize the qual-
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Fig. 7. O-F statistics for the January—February 2006 analysis period: black=MLS, red=SABER in three latitude bafd3@fS(left),
+10° (center) and 58-7C° N (right), (a—0): average O-F;d—f) O-F standard deviationg{i) correlation coefficient between observations
and forecast. Dotted curves in (d—f) plot corresponding O standard deviations only.

summer, equatorial, and mid-latitude winter regions. Al- curs at a slightly higher altitude than the forecast stratopause.
though a globally-averaged SABER-MLS bias correction hasThere is some indication in MLS temperature comparisons
been applied, residual latitudinally-varying biases are stillwith other instruments that a MLS warm bias exists near
evident in the differences between the mean SABER andl hPa (Schwartz et al., 2008).

MLS O-F profiles. The source of these residual biases is un- The standard deviation of the temperature O-F, shown in
der investigation, and may be a combination of differencesrig. 7d—f, increases almost monotonically with altitude from
in vertical resolution, systematic differences in local time ~1-2 K at 10 hPa to~6 K at 0.01 hPa for all three latitude
sampling, and latitudinally varying instrument errors. The pins. Some of this increase in standard deviation may be
largest mean O-F differences occur near the stratopause angtributable to degradation in the MLS precision in the meso-
mesopause. The structure of the O-F bias in the tropics indisphere. This MLS O-F standard deviation profile corre-
cates that the observed stratopause is slightly warmer and ogponds to approximately twice the estimated MLS precision

www.atmos-chem-phys.net/8/6103/2008/ Atmos. Chem. Phys., 8, 6108-2008
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Fig. 8. Comparison of the zonal-mean temperatures from 22 10-dayFig. 9. Forecast mean error and error standard deviation relative to

forecasts with MLS measurements. Each 10-day forecast duringhe analysis at 33-70° S (top row) and 39-7C° N (bottom row).

January—February 2006 was initialized from the analysis. The MLSResults are an average of 22 10-day forecasts. White line marks

zonal-mean temperature was calculated using the all MLS measurdhe forecast day at which the error standard deviation increases

ments withint1 day of the forecast time. above the estimated accuracy of the assimilation (based on MLS
and SABER O-F statistics above 30 hPa, see text for details).

(Table 2 of Schwartz et al., 2008). The standard deviation
profiles for SABER and MLS are very similar to the stan-  The dotted lines shown with the O-F standard deviations in
dard deviation profiles for the coincident SABER-MLS mea- Fig. 7 are the standard deviation of just the observations (O)
surements in the validation study of Schwartz et al. (2008).that were used for the O-F calculation. This should not be
The coincidence criteria used in that study wer220km  confused with the observation errors, which are not shown.
and <3h. This suggests that the O-F standard deviation isThe O standard deviation includes contributions from geo-
a combination of random observation error and geophysicaphysical variations (zonal and meridional) within the latitude
variability over short temporal and spatial scales that is notbin and measurement error. If the observation noise is small
captured by the forecast. Assimilation in the mesosphere i&nd the model forecast accurate, we would expect the O-F
expected to be more difficult because of increased dynamistandard deviation to be smaller than the O standard devi-
cal variance at small temporal and spatial scales. One poation, because the model should capture some of the true
tential difficulty is that the NAVDAS multivariate correla- geophysical variability represented in the observations. This
tion scheme assumes a purely rotational wind with strongs the case for the mid-latitude winter, where the O stan-
geostrophic coupling at high latitudes. Koshyk et al. (1999)dard deviation is much larger than that of O-F. In the sum-
have shown that in the mesosphere, the forecast model’s kimer mid-latitudes the O-F standard deviation is somewhat
netic energy at horizontal wave numbers-50 (which in-  smaller than the O standard deviation, while in the equatorial
cludes the spatial scale of the MLS and SABER temperadatitudes the O-F and O standard deviations are similar. An-
ture corrections) is dominated by divergent rather than ro-other measure of the quality of the forecast is provided by the
tational motions (i.e., gravity waves). While some of this correlation coefficient between the observations and forecast,
small-scale divergent motion can be resolved in MLS andwhich is shown in Fig. 7g—i. In the mid-latitude winter hemi-
SABER temperatures, most of it is unresolved (e.g., Preusséphere the correlation coefficient ranges frothin the lower
et al., 2006; Wu and Eckermann, 2008), potentially explain-stratosphere te-0.8 in the mesosphere. In the summer mid-
ing some of this increase in O-F standard deviation withlatitudes the correlation coefficient 180.6-0.8 between 30
height. Further study is needed to determine if the use ofind 0.1hPa, while in the tropics the correlation-8.4-0.6
unbalanced wind and temperature corrections in the mesdthroughout most of the pressure range. The low correlation in
sphere or higher resolution mesospheric satellite data (e.gthe tropics may reflect both the smaller geophysical variabil-
Alexander et al., 2008) can reduce these O-F standard deviaty in this region and absence of stringent balance relations
tions. which can be used to constrain winds based on measurements
of temperature only.
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4.3 Medium range forecast skill 2-

ay Forecasts 10-Day Forecasts
KON ALY AR WARR D

T 01 TR

Comparing medium range forecasts with the analysis has
proven to be a useful tool for refining and evaluating the
forecast model. Ten day forecasts were found to be suffi-
cient for identifying temperature tendencies and the impact
of changing model parameters such as those in the nonoro-_
graphic GWD scheme (see Eckermann et al., 2008). Fig. 8%
shows the average temperature bias from 22 10-day forecast§ 1
distributed over the January—February period. Each T79L68§
forecast was initialized from the analysis (using MLS and *
SABER data) and then compared to the zonal-mean tem-

011 1 01

60N -84N1 1of &/ " 6ON - 84N 1

peratures calculated directly from the MLS measurements.  '°[ 30N - 60N 30N - 60N
The regions with the largest temperature differences are near N - 30N N - 30N
and just above the stratopause, especially near the summer 60S - 30S 60S - 30S

| 84SI- 60S

mesopause and at the equatorial stratopause. The difference 1003 .. )
near the equatorial stratopause was already apparent in the 0 5 10 15 20 0 5 10 15 20
mean O-F (Fig. 7) and may be due in part to a high bias TRMSE (K) TRMSE ()

in the MLS temperatures in this region. Elsewhere the bias_.

after 10 days is less than 5K. While Fig. 8 suggests that!:'g' 10. Forecast root-mean-square-error (RMSE) averaged over
the medium range forecasts prloduce reas;)nable onal-me 12 independent forecasts during the analysis period after +2 days

) %t panel) and +10 days (right panel). The solid lines are fore-
temperatures, such forecasts in the mesosphere are expectegs that were initialized from the analysis. The dotted lines are

to be difficult due to the short spatial and temporal correla-cqorresponding forecasts that were initialized from the analysis at al-
tion scales. Shepherd et al. (2000) showed that on the 1000 Iftudes below 10 hPa, and initialized from a zonal mean climatology

potential temperature surface 35 km altitude) the correla-  above (see text for details). Colors denote results within the latitude
tion time for Eulerian horizontal velocity shearis2 days  band indicated in the bottom-right of each panel.

whereas at 4000 K~70km), the correlation time drops to

~3h. This dramatic change with altitude reflects the domi-

nance of gravity-wave motion in the mesosphere (Shepherd, Because the mesosphere is strongly forced by waves prop-
2007). agating from below, the importance of the mesospheric initial

To examine medium range forecast skill in more detail, conditions to forecast skill may be less than that at lower alti-

we calculated forecast errors by comparing the forecasts witiudes. To examine this further, we ran a subset of twelve 10-
the analyses (F-A). Absent any better estimate of the analyday forecasts using a zonal mean climatology above 10 hPa
sis errors, we use the SH O-F standard deviation of F|g 7d‘0r the initial conditions. Between 10 and 1 hPa, the cur-
as the estimated random error of the analysis in the stratotent analysis was transitioned linearly (in log pressure) to the
sphere and mesosphere. Figure 9 shows the F-A mean affdOSPAR International Reference Atmosphere (CIRA) tem-
standard deviations as a function of the forecast length for thderature climatology and the UARS reference atmosphere
22 forecasts. Comparisons are shown for 304@6tude for ~ Project (URAP) zonal wind climatology (see Eckermann et
the NH (winter) and SH (summer). The white line denotes@l., 2004). Figure 10 shows a comparison of forecast RMS
the forecast day at which the F-A error exceeds the estimate8/Tor between the two cases. In the SH summer mid-high
analysis error. Forecast errors less than the analysis error afatitudes, there is no significant difference in forecast RMS
not meaningful since the analysis is being used as the truth.error between the two initializations after about 2 days. This
In the SH summer, both the standard deviation and thdS not surprising because zonal-mean MLS temperatures and
mean error increase rapidly at altitudes above 0.1 hPa. Beclimatology are similar, and the zonal symmetry of the sum-
tween 100-0.1 hPa, the 10-day F-A standard deviation hagertime flow confers little advantage to the analysis. The
not increased much above the analysis error, and is similagquatorial regions show little difference in forecast RMS er-
in magnitude to the zonal standard deviation of just the analfor after about 4 days between the two different initializa-
ysis (not shown). Because there is very little geophysicaltions- The only exception is a small, persistent improvement
variability, experiments (not shown) indicate that a forecastnear 3 hPa for the forecasts initialized from the analysis. By
based only on persistence yields similar results in the sumeontrast, in the NH winter mid-high latitudes, using the anal-
mer at altitudes above10 hPa. Inthe NH winter the forecast Ysis instead of a climatology for the initial conditions leads
error exceeds the estimated analysis error afteday in the 0 smaller RMS error for the entire 10-day forecast between
mesosphere and3 days in the lower stratosphere. ~10 and 0.01 hPa. It is important to note that a much larger
sample size spanning more than 2 months would be neces-
sary to generalize these results.
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5 Discussion and conclusions 4DVAR assimilation algorithm that is currently being tested

for operational use (Rosmond and Xu, 2006).
For the first time we have assimilated high-altitude temper-

ature measurements from MLS and SABER into NOGAPS- Edited by: W. Ward

ALPHA and studied the properties of the resulting analyses

and forecasts for the period January—February 2006. Th% f

resulting high-altitude temperature analyses for January— eterences

February 2006 were minimally biased at most heights andajexander, M. J., Gille, J. C., Cavanaugh, C., Coffey, M. T., Craig,
latitudes. Furthermore, indirect fields such as zonal winds c., Eden, T., Francis, G., Halvorsen, C., Hannigan, J. W., Khos-
and highly-derived diagnostic quantities such as EP flux and ravi,R., Kinnison, D. E., Lee, H., Massie, S. T., Nardi, B., Bar-

residual velocity vectors yielded physically sensible results nett, J. J., Hepplewhite, C., Lambert, A., and Dean, V.: Global
throughout the mesosphere up+®.01 hPa. These fields estimates of gravity wave momentum flux from High Resolution
were all useful for understanding the deep circulation, tem- Dynamics Limb Sounder (HIRDLS) observations, J. Geophys.
perature and eddy-flux anomalies that developed in the win- Res. 113, D15518, doi:10.1029/2007JD008807, 2008.

ter hemisphere during this period. The high-altitude analyseé\'€™ P- R., Coy, L., Eckermann, S. D., McCormack, J. P., Man-
also provided initial conditions that reduced RMS forecast "o G.L., Hogan, T.F., and Kim, ¥.-J.: NOGAPS-ALPHA sim-

. di f ts of the wint trat ulations of the 2002 Southern Hemisphere stratospheric major
errors In meaium range rorecasts o € winter upper strato- warming, Mon. Weather Rev., 134, 498-518, 2006.

sphere and mesosphere. . o Baker, N. L., Hogan, T. F., Campbell, W. F., Pauley, R. L.,
In the winter hemisphere, the correlation coefficient be-  ang Swadley, S. D.: The impact of the AMSU-A radiance as-

tween the observations and background (6-9h) forecasts similation in the US Navy's Operational Global Atmospheric
(O*F) is high (~0.8-1.0) from the lower stratosphere to the  Prediction System (NOGAPS), Naval Research Laboratory,
upper mesosphere. Thus these short 6—9 h background fore- NRL/MR/7500-05-8836, 2005.
casts capture much of the geophysical variance in the MLS3aker, N. L., Goerss, J., Sashegyi, K., Pauley, P, Langland, R.,
and SABER observations. However, the O*F correlation is XU, L., Blankenship, C., Campbell, B., and Ruston, B.: An
lower (0.4-0.6) over the same pressure range in the tropics overview of the NRL Atmospheric Variational Data Assimilation
and in the summer hemisphere, where the zonal temperature ENn”:VDf‘;z] aA“I\‘/lj SNAVnEf)ArS;]AR (’:C’\‘ieﬁ"ﬁe‘jl s\fprﬁfin;?r) dusﬁsn
variance is smaller. The O-F standard deviation increases — conierence on HMumerical ieather Fredictio |
. . . . L . 25-29 June, Park City, UT, Paper 2B.1, 6 pp., online available at:
monotonically with altitude at all latitudes. This increase in

. . o http://ams.confex.com/ams/pdfpapers/124031 2a07.
the O-F RMS error with altitude is likely due to the progres- Ballish, B., Cao, X., Kalnay, E., and Kanamitsu, M.: Incremental

sively greater concentration of dynamical variability at small  nonlinear normal-mode initialization, Mon. Weather Rev., 120,
spatial and temporal scales and larger divergent wind compo- 1723-1734, 1992.
nent at high altitudes. The smaller temporal scales are undeBloom, S., da Silva, A., Dee, D., Bosilovich, M., Chern, J.-D.,
resolved by the 6-h 3DVAR analysis and the smaller spatial Pawson, S., Schubert, S., Sienkiewicz, M., Stajner, I., Tan,
scales are underresolved by MLS and SABER relative to the W.-W., and Wu, M.-L.: Documentation and Validation of the
forecast model. Goddard Earth Observing System (GEOS) Data Assimilation
The temperature measurements have been assimilated hereSystem — Version 4, Technical Report Series on Global Mod-
using a coarse time resolution 3DVAR algorithm. A recent eling and Data Assimilation 104606, 26, online available at:
study by Sankey et al. (2007) examined the impact of the http://gmao.gsfc.nasa.gov/pubs/docs/Bloom168 2@i05.

. %hou, M.-D. and Suarez, M. J.: A solar radiation parameterization
update method on the wave energy in the stratosphere an for atmospheric studies, NASA Tech. Memo. NASA/TM-1999-

mesosphere. They found that the unfiltered update method 104606, 15, Technical Report Series on Global Modeling and

used here produced significant excess gravity wave energy in pata Assimilation, edited by: Suarez, M. J., online available at:
the mesosphere due to the propagation of unrealistic model- http://ntrs.nasa.gowo pp., 1999.
resolved gravity waves resulting from the data assimilationChou, M.-D., Suarez, M. J., Liang, X.-Z., and Yan, M. M.-H.: A
process at altitudes below 1 hPa. This problem may be fur- thermalinfrared radiation parameterization for atmospheric stud-
ther exacerbated here by the use of stratospheric and meso-ies, NASA Tech. Memo. NASA/TM-2001-104606, 19, Techni-
spheric limb measurements which have sparser spatial sam- c&l Report Series on Global Modeling and Data Assimilation,
pling than most nadir sounders. We plan to investigate the gg'ted bz)/(:)()sluarez, M. J., online available lattp://ntrs.nasa.gov
use of both nonlinear normal-mode initialization of analy- pp., .
sis increments (Errico et al., 1988; Ballish et al., 1992) andco.y’ L., Allen, D. R., ECker,mann’ S D, Mccorma‘?k’ J. P, Sta-
. . jner, I, and Hogan, T. F.: Effects of model chemistry and data
other incremental analysis update methods (Bloom et al.,

. TR biases on stratospheric ozone assimilation, Atmos. Chem. Phys.
1996) which produce analysis fields that generate less spu- ; >917_2935 2007

rious gravity wave energy in the forecasts. We are also ex- pitp://www.atmos-chem-phys.net/7/2917/2007/
ploring the use of NAVDAS-AR (accelerated representer), a

Atmos. Chem. Phys., 8, 61038%16 2008 www.atmos-chem-phys.net/8/6103/2008/


http://ams.confex.com/ams/pdfpapers/124031.pdf
http://gmao.gsfc.nasa.gov/pubs/docs/Bloom168.pdf
http://ntrs.nasa.gov
http://ntrs.nasa.gov
http://www.atmos-chem-phys.net/7/2917/2007/

K. W. Hoppel et al.: Assimilation of MLS and SABER data into a NWP model

Coy, L., Eckermann, S. D., and Hoppel, K. W.

doi:10.1175/2008JAS2784.1, 2008.

Daley, R.: Atmospheric Data Analysis, Cambridge University
Press, Cambridge, 457 pp., 1991.

Daley, R. and Barker, E.: NAVDAS Source Book 2001,

NRL/PU/7530-01-444, Available from the Naval Research Lab-

oratory, Monterey, CA, USA, online available atitp://mww.
nrimry.navy.mil/sec7531.htmi63 pp., 2001.
Dee, D. P. and da Silva, A. M.: The choice of variable for atmo-

spheric moisture analysis, Mon. Weather Rev., 131, 155-171,

2003.
Eckermann, S. D., McCormack, J. P., Coy, L., Allen, D., Hogan,
T., and Kim, Y.-J.: NOGAPS-ALPHA: A prototype high al-

Hogan, T. F.:

6115

Plan- Hoffmann, P., Singer, W., Keuer, D., Hocking, W. K., Kunze,
etary wave breaking and tropospheric forcing as seen in
the stratospheric sudden warming of 2006, J. Atmos. Sci.,

M., and Murayama, Y.: Latitudinal and longitudinal vari-
ability of mesospheric winds and temperatures during strato-
spheric warming events, J. Atmos. Sol.-Terr. Phys., 69, 947-961,
doi:10.1016/j.jastp.2007.06.010, 2007.

Land surface modeling in the Navy Opera-
tional Global Atmospheric Prediction System, Paper 11B.1,
Preprint Vol., 22nd AMS Conference on Weather Analy-
sis and Forecasting/18th Conference on Numerical Weather
Prediction, Park City, UT, USA, 25-29 June 2007, on-
line available at: http://ams.confex.com/ams/22WAF18NWP/
techprogram/papet23403.htm2007.

Hogan, T. F. and Rosmond, T. E.: The description of the Navy Oper-

ational Global Atmospheric Prediction System’s spectral forecast
model, Mon. Weather Rev. 119, 1186-1815. 1991.

titude global NWP model, Preprint Vol. Symposium on the Hogan, T. F., Rosmond, T. E., and Gelaro, R.: The NOGAPS fore-

50th Anniversary of Operational Numerical Weather Predic-
tion, American Meteorological Society, University of Maryland,

cast model: a technical description, Naval Oceanographic and
Atmospheric Research Laboratory Report No. 13, 219 pp., 1991.

College Park, MD, USA, 14-17 June 2004, Paper P2.6, on-Jung, T. and Leutbecher, M.: Performance of the ECMWF forecast-

line available athttp://uap-www.nrl.navy.mil/dynamics/papers/
EckermannP2.6-reprint.pdf23 pp., 2004.

ing system in the Arctic during winter, Q. J. Roy Meteor. Soc.,
133, doi:10.1002/qj.99, 1327-1340, 2007.

Eckermann S. D., Broutman, D., Stollberg, M. T., Ma, J., Mc- Koshyk, J. N., Boville, B. A., Hamilton, K., Manzini, E., and

Cormack, J. P, and Hogan, T. F.

doi:10.1029/2006JD007880, 2007.

Eckermann, S. D.: Hybrid-p coordinate choices for a global
model, Mon. Weather Rev., do0i:10.1175/2008MWR2537.1,
2008a.

Eckermann, S. D., Hoppel, K. W., Coy, L., McCormack, J. P,
Siskind, D. E., Nielsen, K., Kochenash, A., Stevens, M. H., En-

Atmospheric effects of
the total solar eclipse of 4 December 2002 simulated with a
high-altitude global model, J. Geophys. Res., 112, D14105,

Shibata, K.: Kinetic energy spectrum of horizontal motions
in middle-atmosphere models, J. Geophys. Res., 104(D22),
27177-27 190, 1999.

Kutepov, A. A., Fedfilov, A. G., Marshall, B. T., Gordley, L.

L., Pesnell, W. D., Goldberg, R. A., and Russell 1, J. M.:
SABER temperature observations in the summer polar meso-
sphere and lower thermosphere: Importance of accounting for
the CGQ v quanta V-V exchange, Geophys. Res. Lett., 33,
L21809, doi:10.1029/2006GL026591, 2006.

glert, C. R., and Hervig, M.: High-altitude data assimilation sys- Manney, G. L., Daffer, W. H., Strawbridge, K. B., Walker, K. A.,
tem experiments for the northern summer mesosphere season of Boone, C. D., Bernath, P. F., Kerzenmacher, T., Schwartz, M. J.,

2007, J. Atmos. Sol.-Terr. Phys. (accepted), 2008b.
Emanuel, K. A. and Zivkovic-Rothman, M.: Development and eval-

uation of a convection scheme for use in climate models, J. At-

mos. Sci., 56, 1766-1782, 1999.
Errico, R. M., Barker, E. H., and Gelaro, R.: A determination of

balanced normal modes for two models, Mon. Weather Rev., 116,

27172724, 1988.

Fomichey, V. I., Blanchet, J.-P., and Turner, D. S.: Matrix param-
eterization of the 1mm CO, band cooling in the middle and
upper atmosphere for variable G@oncentration, J. Geophys.
Res., 103, 11505-11528, 1998.

Strong, K., Sica, R. J., Kiger, K., Pumphrey, H. C., Lambert,
A., Santee, M. L., Livesey, N. J., Remsberg, E. E., Mlynczak,
M. G., and Russell Ill, J. R.: The high Arctic in extreme winters:
vortex, temperature, and MLS and ACE-FTS trace gas evolution,
Atmos. Chem. Phys., 8, 505-522, 2008a,
http://www.atmos-chem-phys.net/8/505/2Q08/

Manney, G. L., Kruger, K., Pawson, S., Schwartz, M. J., Daffer, W.

H., Livesey, N. J., Mlynczak, M. G., Remsberg, E. E., Russell
lll, 3. M., and Waters, J. W.: The evolution of the stratopause
during the 2006 major warming: Satellite data and assimi-
lated meteorological analyses, J. Geophys. Res., 113, D11115,

Fomichev V. I, Ogibalov, V. P., and Beagley, S. R.: Solar heating by  doi:10.1029/2007JD009097, 2008b.
the near-IR CQ bands in the mesosphere, Geophys. Res. Lett., McCormack, J. P., Eckermann, S. D., Coy, L., Allen, D. R., Kim, Y.-

31, L21102, doi:10.1029/2004GL020324, 2004.
Garcia, R. R., Marsh, D. R., Kinnison, D. E., Boville, B.
A., and Sassi, F.: Simulation of secular trends in the mid-

J., Hogan, T., Lawrence, B., Stephens, A., Browell, E. V., Burris,
J., McGee, T., and Trepte, C. R.: NOGAPS-ALPHA model sim-
ulations of stratospheric ozone during the SOLVE2 campaign,

dle atmosphere, 1950-2003, J. Geophys. Res., 112, D09301, Atmos. Chem. Phys., 4, 2401-2423, 2004,

doi:10.1029/2006JD007485, 2007.

http://www.atmos-chem-phys.net/4/2401/2004/

Han, Y., Weng, F,, Liu, Q., and van Delst, P.: A fast radiative trans- McCormack, J. P., Eckermann, S. D., Siskind, D. E., and McGee,
fer model for SSMIS upper atmosphere sounding channels, J. T. J.: CHEM2D-OPP: A new linearized gas-phase ozone pho-
Geophys. Res., 112, D11121, doi:10.1029/2006JD008208, 2007. tochemistry parameterization for high-altitude NWP and climate

Harshvardhan, Davies, R., Randall, D., and Corsetti, T.: A fast ra-
diation parameterization for atmospheric circulation models, J.

Geophys. Res., 92, 1009-1016, 1987.

www.atmos-chem-phys.net/8/6103/2008/

models, Atmos. Chem. Phys., 6, 4943-4972, 2006,
http://www.atmos-chem-phys.net/6/4943/2006/

Mertens. C. J., Schmidlin, F. J., Goldberg, R. A., Remsberg, E.

E., Pesnell, W. D., Russell Ill, J. M., Mlynczak, M. G., Lopez-
Puertas, M., Wintersteiner, P. P., Picard, R. H., Winick, J. R., and

Atmos. Chem. Phys., 8, 6108-2008


http://www.nrlmry.navy.mil/sec7531.htm
http://www.nrlmry.navy.mil/sec7531.htm
http://uap-www.nrl.navy.mil/dynamics/papers/Eckermann_P2.6-reprint.pdf
http://uap-www.nrl.navy.mil/dynamics/papers/Eckermann_P2.6-reprint.pdf
http://ams.confex.com/ams/22WAF18NWP/techprogram/paper_123403.htm
http://ams.confex.com/ams/22WAF18NWP/techprogram/paper_123403.htm
http://www.atmos-chem-phys.net/8/505/2008/
http://www.atmos-chem-phys.net/4/2401/2004/
http://www.atmos-chem-phys.net/6/4943/2006/

6116 K. W. Hoppel et al.: Assimilation of MLS and SABER data into a NWP model

Gordley, L. L.: SABER observations of mesospheric tempera- phys. Res., 105(D10), 12433-12 446, 10.1029/2000JD900133,
tures and comparisons with falling sphere measurements taken 2000.

during the 2002 summer MaCWAVE campaign, Geophys. Res.Shepherd, T. G.: Transport in the middle atmosphere, J. Meteor.
Lett., 31, L03105, doi:10.1029/2003GL018605, 2004. Soc. Jpn., 85B, 165-191, 2007.

Palmer, T. N., Shutts, G. J., and Swinbank, R.: Alleviation of a Simmons, A. J., Hoskins, B. J., and Burridge, D. M.: Stability of
systematic westerly bias in general circulation and numerical semi-implicit time scheme, Mon. Weather Rev., 106, 405412,
weather predictions models through an orographic gravity wave 1978.
parameterization, Q. J. Ro Meteor. Soc., 112, 1001-1039, 1986 Simmons, A. J. and Burridge, D. M.: An energy and angular mo-

Peng, M. S., Ridout, J. A., and Hogan, T. F.: Recent modifi- mentum conserving vertical finite-difference scheme and hybrid
cations of the Emanuel convective scheme in the Navy Oper- vertical coordinates, Mon. Weather Rev., 109, 758-766, 1981.
ational Global Atmospheric Prediction System, Mon. Weather Simmons, A. J. and Jarraud, M.: The design and performance of the
Rev., 132, 1254-1268, 2004. new ECMWEF operational model. Proceedings of the ECMWF

Polavarapu, S., Shepherd, T. G., Rochon, Y., and Ren, S.: Some Workshop on Numerical Methods for Weather Prediction, Eu-
challenges of middle atmosphere data assimilation, Q. J. Roy ropean Centre for Medium-Range Weather Forecasts, Reading,
Meteor. Soc., 131, 3513-3527, 2005. England, UK, 113-164, 1983.

Preusse, P., Ern, M., Eckermann, S. D., Warner, C. D., Picard, RSimmons A. J., Burridge, D. M., Jarraud, M., Girard, C., and Wer-
H., Knieling, P., Krebsbach, M., Russell Ill, J. M., Mlynczak, gen, W.: The ECMWF medium-range prediction model: De-
M. G., Mertens, C. J., and Riese, M.: Tropopause to mesopause velopment of the numerical formulations and the impact of in-
gravity waves in August: Measurement and modeling, J. Atmos. creased resolution, Meteorol. Atmos. Phys., 40, 28—-60, 1989.
Sol.-Terr. Phys., 68, 1730-1751, 2006. Siskind, D. E., Eckermann, S. D., Coy, L., McCormack, J. P., and

Remsberg, E., Lingenfelser, G., Harvey, V. L., Grose, W., Rus- Randall, C. E.: On recent interannual variability of the Arctic
sell 111, J., Mlynczak, M., Gordley, L., and Marshall, B. T.: On winter mesosphere: Implications for tracer descent, Geophys.
the verification of the quality of SABER temperature, geopo- Res. Lett., 34, doi:10.1029/2007GL029293, 2007.
tential height, and wind fields by comparison with Met Of- Slingo, J. M.: The development and verification of a cloud predic-
fice assimilated analyses, J. Geophys. Res., 108(D20), p. 4628, tion scheme in the ECMWF model, Q. J. Roy. Meteor. Soc., 113,
doi:10.1029/2003JD003720, 2003. 899-927, 1987.

Remsberg, E. E., Marshall, B. T., Garcia-Comas, M., Krueger, D.,Teixeira, J. and Hogan, T.: Boundary layer clouds in a global atmo-
Lingenfelser, G. S., Martin-Torres, F. J., Mlynczak, M. G., Rus-  spheric model: Simple cloud cover parameterization, J. Climate,
sell Ill, J. M., Smith, A. K., Zhao, Y., Brown, C. W., Gordley, 15, 1261-1276, 2002.

L. L., Lopez-Gonzalez, M., Lopez-Puertas, M., She, C.-Y., Tay- Tiedtke, M.: The sensitivity of the time-scale flow to cumulus
lor, M. J., and Thompson, R. E.: Assessment of the quality of convection in the ECMWF model, Workshop on Large-Scale
the Version 1.07 temperature versus pressure profiles of the mid- Numerical Models, 28 November—1 December 1983, ECMWF,
dle atmosphere from TIMED/SABER, J. Geophys. Res., 113, 297-316, 1984.

D17101, doi:10.1029/2008JD010013, 2008. Trenberth, K. E. and Stepaniak, D. P.: A pathological problem with

Ren, S., Palavarapu, S. M., and Shepherd, T. G.: Vertical propa- NCEP reanalyses in the stratosphere, J. Climate, 15, 690—695,
gation of information in a middle atmosphere data assimilation 2002.
system by gravity-wave drag feedbacks, Geophys. Res. Lett., 35Uppala, S., Kallberg, P., Simmons, A. J., Andrae, U., Bechtold, V.
doi:10.1029/2007GL032699, 2008. D. C., Fiorino, M., Gibson, J. K., Haseler, J., Hernandez, A.,

Rosmond, T. and Liang, X.: Development of NAVDAS-AR: non- Kelly, G. A,, Li, X., Onogi, K., Saarinen, S., Sokka, N., Allan,
linear formulation and outer loop tests, Tellus, 58A, 45-58, 2006. R. P., Andersson, E., Arpe, K., Balmaseda, M. A., Beljaars, A. C.

Russell 11, J. M., Mlynczak, M. G., Gordley, L. L., Tansock, M., van de Berg, L., Bidlot, J., Bormann, N., Caires, S., Cheval-

J., and Esplin, R.: An overview of the SABER experi- lier, F., Dethof, A., Dragosavac, M., Fisher, M., Fuentes, M.,
ment and preliminary calibration results, Proc. SPIE, 3756, Hagemann, S., Holm, E., Hoskins, B. J., Isaksen, L., Janssen,
doi:10.1117/12.366382, 277-288, 1999. P. A. E. M., Jenne, R., McNally, A. P., Mahfouf, J. F., Mor-

Sankey, D., Ren, S., Polavarapu, S., and Rochon, Y. J.: Impact of crette, J. J., Rayner, N. A., Saunders, R. W., Simon, P., Sterl,
data assimilation filtering methods on the mesosphere, J. Geo- A., Trenberth, K. E., Untch, A., Vasiljevic, D., Viterbo, P., and
phys. Res., 112, D24104, 10.1029/2007JD008885, 2007. Woollen, J.: The ERA-40 re-analysis, Q. J. Roy. Meteor. Soc.,

Schwartz, M. J., Lambert, A., Manney, G. L., Read, W. G., Livesey, 131, 29613012, 2005.

N. J., Froidevaux, L., Ao, C. O., Bernath, P. F., Boone, C. D., Waters J. W., Froidevaux, L., Harwood, R. S., et al.. The

Cofield, R. E., Daffer, W. H., Drouin, B. J., Fetzer, E. J., Fuller,  Earth Observing System Microwave Limb Sounder (EOS MLS)

R. A, Jarnot, R. F., Jiang, J. H., Jiang, Y. B., Knosp, B. W., on the Aura satellite, IEEE T. Geosci. Remote Sens., 44(5),
Kruger, K., Li, J.-L. T., Mlynczak, M. G., Pawson, S., Russell  doi:10.1109/TGRS.2006.873771, 2006.

lll, J. M., Santee, M. L., Snyder, W. V., Stek, P. C., Thurstans, R. Webster, S., Brown, A. R., Cameron, D. R., and Jones, C. P.: Im-
P., Tompkins, A. M., Wagner, P. A., Walker, K. A., Waters, J. W., provements to the representation of orography in the Met Office
and Wu, D. L.: Validation of the Aura Microwave Limb Sounder Unified Model, Q. J. Roy. Meteor. Soc., 129, 1989-2010, 2003.

temperature and geopotential height measurements, J. Geophy#/u, D. L. and Eckermann, S. D.: Global gravity wave variances
Res., 113, D15S11, doi:10.1029/2007JD008783, 2008. from Aura MLS: Characteristics and interpretation, J. Atmos.

Shepherd, T. G., Koshyk, J. N., and Ngan, K.: On the nature of Sci., doi:10.1175/2008JAS2489.1, 2008.
large-scale mixing in the stratosphere and mesosphere, J. Geo-

Atmos. Chem. Phys., 8, 61038%16 2008 www.atmos-chem-phys.net/8/6103/2008/



