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Abstract. The wind extraction due to assimilation of strato- MLS precisions, suggesting a limit to which realistic tracers
spheric trace gas (tracer) data is examined using a 4Deould constrain the winds, given complete global cover age.
Var (four-dimensional variational) data assimilation systemWith higher observation noise levels, the WEP values de-
based on the shallow water equations coupled to the tracesrease, but the impact on the winds is still positive up to noise
continuity equation. The procedure is outlined as follows. levels of 100 % (relative to the global mean value) when com-
First, a nature run is created, simulating middle stratospheripared to the case of no data assimilation.

winter conditions. Second, ozonedQnitrous oxide (NO),

and water vapor (kD) (treated in this study as passive trac-

ers) are initialized using Aura Microwave Limb Sounder

(MLS) mixing ratios at 850 K potential temperature and arel Introduction

advected by the nature run winds. Third, the initial dynam-

ical conditions are perturbed by using a 6h offset. Fourth, This study examines the problem of extraction of global wind
simulated hourly tracer observations on the full model gridinformation from the assimilation of stratospheric trace gas
are assimilated with a 4D-Var system in which tracer and(tracer) observations. The assimilation of stratospheric ozone
winds are coupled via the adjoint of the tracer continuity in 4D-Var (four-dimensional variational) algorithms and the
equation. Multiple assimilation experiments are performedresultant dynamical coupling have previously caused prob-
by varying the amount of random observation error addedems in operational numerical weather prediction (NWP)
to the simulated measurements. Finally, the wind extractior(Han and McNally, 2010; Dragani and McNally, 2013).
potential (WEP) is calculated as the reduction of the vectorAmong the tracer assimilation challenges are paucity of ob-
wind root mean square error (RMSE) relative to the maxi- servations, insufficient data quality, insufficient modeling of
mum possible reduction. For a single 6 h assimilation cycletracers in the forecast model, as well as phenomenological
with the smallest observation error, WEP values-ag0 % limitations due to tracer variations with respect to the wind
for all three tracers, while 10-day multi-cycle simulations VECtOr. The problem of tracer-wind extraction has been ex-
result in WEP of~ 90 %, wind errors of~0.3ms %, and amined using a series of increasingly sophisticated models
height errors of~ 13m. There is therefore sufficient infor- fanging from 1-D (Daley, 1995; Allen et al., 2013), 2-D
mation in the tracer fields to almost completely constrain the(Daley, 1996; Riishgjgaard, 1996), and 3-D (Peuch et al,,
dynamics, even without direct assimilation of dynamical in- 2000; Semane etal., 2009; Allen et al., 2013). A review of the
formation. When realistic observation error is added (basedesults from these studies is provided in Allen et al. (2013).
on MLS precisions at 10 hPa), the WEP after 10 days is 90 oe he basic conclusion is that with complete data coverage,
for O3, 87 % for NoO, and 72 % for HO. Oz and NO pro- sufficient precision, a high-quality background tracer field,
vide more wind information than 40 due to stronger back- and a 4D-Var or extended Kalman filter algorithm, wind
ground gradients relative to the MLS precisions. The RMSE®eXtraction is possible across the globe and throughout the

for wind reach a minimum level of- 0.3-0.9ms? for the ~ Stratosphere and upper troposphere. However, the ability to
extract wind is greatly hindered by limitations in any of these
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parameters, making the current value of operational strato- The experiments are performed using a 4D-Var data as-
spheric tracer—wind coupling in NWP systems questionable similation system based on the shallow water model (SWM)

Given the observational and modeling challenges, one magquations. Application of the SWM equations to the varia-
ask whether the continued pursuit of stratospheric tracertional assimilation problem has proved useful for algorithm
wind extraction is worthwhile. One main motivation is the development and basic understanding of the problem (e.g.,
current deficiency of adequate global wind profile informa- Courtier and Talagrand, 1990). The SWM system provides
tion (World Meteorological Organization, 2000). Upper air sufficient complexity that realistic flow situations can be sim-
wind observations from pilot reports, radiosondes, and cloudulated, while maintaining greater control of the system pa-
and water vapor feature-tracking leave large gaps, particrameters than in the full NWP system. This study builds
ularly in the tropics, Southern Ocean, and in most of theon the 2-D tracer assimilation studies by Daley (1996) and
stratosphere and mesosphere. In the extratropics, tradition&iishgjgaard (1996). In the stratosphere, which is the focus
mass-wind balance provides some constraint on the winaf this paper, the tracer-wind extraction should be to first
from temperature information based on radiance observaerder a 2-D quasi-isentropic problem, since the horizontal
tions, but this balance fails in the tropics and for sub-synoptictransport timescales are smaller than the vertical timescales
scales (less thar 1000 km) in the extratropics. While space- (Plumb, 2002). Near the tropopause, strong vertical ozone
borne Doppler wind lidar (DWL) has the potential to pro- gradients and vertical motion make the full 3-D model-
vide wind profile measurements in the troposphere and lowemg necessary (Riishgjgaard, 1996). The experiments in this
stratosphere, it is extremely expensive (National Researclstudy use an observation grid that matches the model grid
Council, 2007), and the only currently planned DWL mis- and provides complete global coverage in order to maximize
sion, Atmospheric Dynamics Mission (ADM-Aeolus) (Stof- wind extraction. The goal is to determine the relative wind
felen et al., 2005), will be limited to a single line-of-sight extraction potential due to the geophysical variability of each
wind component, altitudes below26 km, and simple along-  of the tracers, rather than to determine the impact of the ob-
track sampling. Another motivation is that assimilation of serving grid. This idealized approach provides theoretical es-
infrared and microwave humidity channels from geostation-timates of the amount of dynamical information that can be
ary and polar-orbiting satellites has been shown to benefiextracted from each tracer. Future work is planned to exam-
tropospheric analyses and forecasts in the European Cerine the impact of various observation systems as well as si-
tre for Medium-Range Weather Forecasts (ECMWF) 4D-multaneous assimilation of tracer and dynamical fields.
Var system (Andersson et al., 2007; Peubey and McNally, Section 2 describes the SWM data assimilation system.
2009). Peubey and McNally (2009) isolated the mechanisms$ection 3 describes the experimental design, and Sect. 4
whereby geostationary clear-sky radiances can impact theresents the results of both single-cycle and multiple-cycle
wind analyses in 4D-Var and show that the dominant factorexperiments, focusing on the relative impact of the different
is the adjustment of the wind field in order to match observedtracers. Sections 5 and 6 provide a discussion and conclu-
humidity features (the so-called “tracer advection effect”). sions, respectively.

While the tropospheric benefit of tracer-wind interaction
has been established, assimilation of stratospheric tracer ob-
servations may also provide stratospheric wind information2 Model description
(Semane et al., 2009; Milewski and Bourqui, 2011; Allen
et al., 2013). The studies to date on stratospheric trace ga&.1 Forecast model
assimilation have focused on ozoneszfQlue to its rela-
tively long lifetime, the roles it plays in the radiative heat- The forecast model is a spectral model based on the vortic-
ing/cooling in NWP systems and infrared radiance assimila-ity divergence form of the SWM equations as formulated in
tion, and the availability of high quality satellite observations Sect. 2a of Ritchie (1988), with the inclusion of fourth-order
(e.g., from the Suomi National Polar-orbiting Partnership —diffusion applied to the vorticity, divergence, and geopoten-
NPP — Ozone Mapping and Profiler Suite — OMPS; Flynntial following the semi-implicit formulation. A tracer advec-
et al., 2009). There are other long-lived stratospheric traction equation is added, which solves for the mixing ratio of
ers, however, that could be considered as potentially usefuh passive tracer as a function of time with the same fourth-
for wind extraction. These include nitrous oxide,(®), wa-  order diffusion operator. The system is run at triangular trun-
ter vapor (HO), methane (Cl), and chlorofluorocarbons. cation T42 with a time step of 1200s for both the forward
Modeling each of these species in an NWP system posemodel and for the tangent linear model (TLM), and adjoint
many challenges, but in principle these tracers contain dyintegrations discussed in Sect. 2.2. The diffusion coefficient
namical information that could be “harvested” to benefit theis set to 5.0x 101°m*s~1, as in Jakob-Chien et al. (1995).
stratospheric winds. This paper examines the relative impacThe model fields are saved on the Gaussian grid with 128 lon-
on the winds due to assimilation of three of these tracersgitudesx 64 latitudes, for a grid resolution of 2.8 at the
ozone, nitrous oxide, and water vapor. Equator. The discretization uses a leap-frog time integration

and a semi-implicit approximation for terms that produce
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gravity waves (Ritchie, 1988). The global mean geopotentialTable 1. Schematic showing the matrix of error covariances that are
height (i.e., the free upper surface of the fluid) is specifiedmodeled irPg. o is the background error standard deviation, and
to be 10 km. The algorithm is very similar to the model de- is the two-point spatial correlation between variables. The rows and
scribed by Jakob-Chien et al. (1995). The forecast model wasolumns are ordered by state variable as follows: row/column 1:

validated using tests developed by Williamson et al. (1992)(2onal wind), row/column 2o (meridional wind), row/column 3b
and Galewsky et al. (2004), with excellent results (geopotential), and row/column 4:(tracer). Each table entry rep-
' ’ ' resents the block covariance matrix for the two specified variables.

Zeros indicate no correlation for these two variables. Figure B2 of
Daley and Barker (2001, available online) shows an example of the
spatial structure of the correlations.

2.2 Data assimilation system

We employ a 4D-Var data assimilation system (DAS) using
the accelerated representer (AR) approach (Xu et al., 2005;

Rosmond and Xu, 2006), which is an observation space algo- “ v @ 1
r_ithm bgsed on the solution to a standard 4D-Var cost fqnc- u 02 pun ouoyPuy  Ouop Py O
tion defined as follows (note: the “perfect model” assumption v ovoupu OZpur oyop pyp O
is used, although not required for the AR approach). d 09Oy Pdy b Oy Pby aé Odd 0
2
qg O 0 0 07 Pqq

x*=x + P"HT z. In Eq. (2), both the TLMM, and its
NN T 1 transpose (or adjointM”, are integrated over the analysis
Z Z [yn = H@)]" Ry [yw — HG&x)] 1) window during each iteration of the descent algorithm in
order to “sweep through” all observations and to calculate
the time-evolving background error covariariéée In 4D-
Var, the coupling of tracer and dynamical fields (wind and
geopotential) occurs implicitly via the adjoint of the TLM,
which propagates sensitivities of the cost function with re-
spect to the tracer observations backwards in time to obtain
sensitivities of the cost function to the initial model state (see
Allen et al., 2013, for further discussion). The solution is it-
erated until the gradient of the cost function drops by a factor
. : X of 20 (ratio to initial gradient of 0.05) (see Daley and Barker,
the cost function for the observations, wheyels the vector 2001 for details). If the solution does not reach this thresh-

of observations attimg, H (x,) is the nonlinear observation . ) ) .

&, H(xn) old, the solver is terminated after 100 iterations. The TLM
operator that maps the model state vector onto the observa- . )
. . : . : Is constructed from the full nonlinear model by expanding
tions, andR is the observation error covariance matrix. The

SR L each forecast model state variable into time-evolving back-
cost function is minimized over a 6 h analysis window com-

prising &V = 18 time steps. The representer method is useoground and perturbation terms and removing terms that are

to obtain the solution, incorporating the linearized forecastquadrat!C n pertur_ban(_)ns. The quality of the TLM as d's.'
modelM and the linearized observation operatr cussed in Sect. 3, is quite good over the 6 h assimilation win-

dow for the initial conditions used in this paper. The adjoint

Here,Jé’ is the cost function for deviations of the initial ana-
lyzed state vectarg from the initial background stabe{;. In

the DAS algorithm, the horizontal flow is converted from the
forecast model variables (vorticity and divergence) to zonal
and meridional windi andv). Although either combination

of variables could be used, the background errors are mor
straightforward to model with the observable variablesd

v. P’c’, is the initial background error covariance matriX. is

; b T T -1 model was constructed line-by-line from the TLM following
x* =x"+PH [HP H + R] d the adjoint algorithms of Giering and Kaminski (1998) and
guidance from Rosmond (1997). Each piece of TLM and ad-
where joint code was validated using a standard adjoint operator test
b T waT to ensure correct coding.
PP=M [MOP]E’ MO] M (2) The initial background error covariand%, includes mul-

_ e ) ) tivariate correlations based on approximate geostrophic bal-
andd_—y—H(x ) is the mnoyatlon vecto_r. The background gnce Taple 1 illustrates the covariance elements calcu-
state is calculated by integrating the nonlinear forecast modelyiaq for any pair of grid points. The nine correlations be-

. . s . b
M, subject to the initial conditions;. tween the dynamical variables (zonal wind, meridional wind,
. . and geopotential) are calculated using the equations in Ap-
x, =M (xn,l) forl<n<N (3)  pendix B of Daley and Barker (2001), which are spher-

ical extensions of the tangential plane equations in po-
The analysis is obtained by first solviig P’ H + R]z=d lar coordinates derived from Chapter 5 of Daley (1991).
using a standard conjugate gradient descent algorithm tdhe wind—geopotential correlations are based on approx-
obtain z=[HP”H” + R]"1d and then post-multiplying imate geostrophic balance, with a coupling between the
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Fig. 1. (a) Specified background error correlation length scale (km) as a function of lat{ta)d8eostrophic coupling parameter (unitless)
as a function of latitudgc) Initial o,, for zonal wind (m sTl). (d) Initial o for geopotential (scaled by the Earth’s gravitational acceleration
to give units of m).

geopotential and the stream function that varies with lati-these idealized experiments. The initiglis 3.2ms?! (see

tude as illustrated in Fig. 1b. The wind—-wind correlations Fig. 1c¢), which represents the globally averaged 6 h wind dif-

are derived from the stream function correlations using theferences from the nature run, while the initiglis zero. The

Helmholtz equations. The spatial correlation of the streambackground error standard deviation for geopotentia) (s

function is isotropic and homogeneous and is modeled agalculated from the wind values using the cross-correlation

the single-order auto regressive (SOAR) function with afunctions discussed above. To avoid small background er-

prescribed horizontal correlation length. Various values ofrors where geostrophic balance breaks dowgjs fixed in

the horizontal correlation length were tested to maximizethe tropics at the value calculated at°3étitude. Figure 1d

tracer-wind extraction. We decided to use a length that varshows the initiabg for these settings. While the background

ied smoothly with latitude from 1500 km in the tropics to error standard deviations vary over the 10-day experiments,

1000 km in the extratropics (see Fig. 1a). This length scalehe correlation length scales do not change, and hence all the

works well for the simulations done here at T42, but may correlation functionsd,,,, pyv, - ..) remain fixed with time.

need to be altered for simulations at higher resolution. The Because the observations are defined on the Gaussian grid,

ratio of the divergent kinetic energy to total horizontal kinetic no interpolation is necessary. The observation operdts

is specified as 0.05 (see Chapter 5 of Daley, 1991 for details)}trivial, andH = H. R was defined as diagonal for these ex-

There is no coupling between the tracer and dynamical variperiments, with no spatial or temporal correlations between

ables through??, as illustrated by the zeros in Table 1. There observations. The observation error standard deviatigis

are also no spatial correlations in tﬁg for the tracer field, a constant value in terms of the tracer mixing ratio, and will

thus allowing tracer increments of very fine scale. The entirebe specified below.

Pg matrix is too large to store in memory, so it is calculated

during each iteration of the solver, with several termﬁ’gn

precomputed for efficiency. 3 Experimental design

In order to optimize the wind extraction, the background

error standard deviationsy) for zonal wind 6,,), meridional ~ The wind extraction experiments follow the design of Allen

wind (o), and tracerd,) are updated for each assimilation et al. (2013) in which a nature run is used as the truth, both

cycle. They are calculated as the globally averaged standarfbr the tracer and dynamical fields (winds and geopotential).

deviation of the difference between the previous analysis and his run is then used to create “perfect” observations on the

the truth. This allows the background errors to decrease as thill T42 Gaussian grid. Gaussian random errors are added to

analysis improves, a self-tuning approach that works well inthe perfect observations, as specified for each experiment. An
initial, imperfect, 6 h background forecast (or “background
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D. R. Allen et al.: Wind extraction potential from 4D-Var assimilation of stratospheric Oz, N2O, and H,O 3351

trajectory”) is then created by adding perturbations to the dy- Figure 2 plots the potential vorticity (PV&/ h, wherez,
namical fields of the nature run. A 6 h data assimilation cycleis the absolute vorticity) in 5-day intervals, starting on the
is performed to create a 6 h “analysis trajectory”. Comparing15th day during the nature run along with the three tracers.
the background and the analysis with the nature run allowsThe wave forcing produces an “Aleutian high” (centered at
determination of the impact of tracer assimilation on the dy-30° longitude) type wave response in the NH with the polar
namical fields. Below we describe each component of theseortex (centered near 180ongitude) pushed off the pole.
wind extraction experiments in more detail. We note hereLow O3z and NO (high H,O and PV) are visible in the polar
that since the same forecast model is used for the nature ruwortex and high @and NO (low H,O and PV) are entrained
and for the assimilation, the results are likely over-optimistic. into the “Aleutian high”. The sharpening of the PV gradients
However, the intent of this study is not to determine the im- with time along the vortex edge is seen, as expected for these
pact of any realistic observing system, but rather to examindypes of wave-breaking simulations. The three tracer fields
the theoretical limitations of the wind information contained have very similar contour shapes, as expected for long-lived
within the tracer field. tracers in a 2-D flow (Rhines and Young, 1983). However,

The nature run was designed to simulate Northern Hemithe dynamic range (ratio of maximum to minimum value)
sphere (NH) winter conditions in the middle stratosphere.of the tracers is considerably different, resulting in differ-
This was based on previous simulations by Juckes (1989)ent horizontal gradients. The dynamic ranges at initialization
Norton (1994), and Thuburn and Lagneau (1999), in which(day 0) of the nature run are as followsz (11.0/4.1=2.7],
an SWM system is forced by the bottom topography be-N»O [0.23/0.013=17.7], kO [6.4/4.6 =1.4]. It is clear that
ing raised and lowered in order to simulate planetary-N2O has the largest dynamic range, followed byadd then
scale waves. The model was initialized with a zonally H>0.
symmetric zonal wind that varies with latitudep)( as To start the assimilation experiments, the background fore-
u(¢) =umaxSin(2¢) in the NH and is zero in the Southern cast is initialized from the nature run using the true tracer
Hemisphere (SH). The jet strength is setdpa,=60ms. distribution but with dynamical fields sampled at a 6 h off-
The initial geopotential height = ®/g, where® is geopo-  set. This method allows for perturbed initial dynamical fields
tential andg is the Earth’s gravitational acceleration, is spec- that are approximately in balance. Although the tracer is per-
ified using the gradient wind balance and given a mean heightect at the first time step, tracer errors develop over the six-
of 10 km. The topographic forcing is produced following the hour background forecast by advection with imperfect dy-
approach of Norton (1994). A mountain of height 1250 m namical fields. The first assimilation cycle represents the best
is created with a 20-day cycle (4 days ramping up, 12 dayscase scenario for wind extraction because all the tracer error,
constant, and 4 days ramping down). The mountain is aand hence the deviation relative to simulated observations,
zonal wave 1 feature that peaks af #b The topography is is caused by wind error. On further cycling of the assimi-
turned off after 20 days. Since the assimilation period startdation, the background tracer field will retain error from the
at day 20 of this nature run, there is therefore no surface toprevious cycle in addition to new error from imperfect advec-
pography during the assimilation. tion. The assimilation is initialized 20 days into the nature

In the nature run the tracer is initialized using the Aura Mi- run (T =20d, 0 h), and the initial dynamical fields are then
crowave Limb Sounder (MLS) trace gas data (Waters et al.taken from day 26 6 h, while the tracer field is taken from
1999; Livesey et al., 2011). The data are selected for a peday 20+ 0 h. The background forecasts always use the full
riod with weak planetary wave activity (1-15 March 2011) forecast model with the same settings as the nature run. In
and are interpolated to the 850K isentropic level (approx-the multi-cycle simulations, the background for each succes-
imately 32 km altitude or 10 hPa), representative of middlesive cycle is produced from an integration starting with the
stratosphere conditions. The zonal mean and time mean mixgrevious 6 h analysis.
ing ratio as a function of latitude was calculated for this pe- Observations are simulated at each hour and at each Gaus-
riod and interpolated to the Gaussian grid. Simulations weresian grid point by sampling the nature run and adding vary-
performed with @, N2O, and HO. The tracer in each case ing amounts of random error based on percentage of the
is treated as passive (i.e., no chemical source/sink) and therglobal mean mixing ratio (mean values are 8.375 ppmv (parts
is no radiative interaction between tracer and dynamig® N per million by volume) for @, 0.137 ppmv for NO, and
and HO have relatively long photochemical lifetimes in the 5.219 ppmv for HO). For each experiment, they, used in
middle stratosphere, as doeg @ the winter hemisphere. the 4D-Var solution was specified consistently with the ap-
However, the photochemical lifetime ofsMecomes shorter plied random error, so we use the symbgj, to represent
(about 10 days) in the tropics and summer hemisphere aboth terms. Ten-day experiments were performed dgy
10hPa (e.g., McCormack et al., 2006, Fig. 2), and thereforeof 0.1-1 % at 0.1 % increments, 1-10% at 1% increments,
photochemical affects will become more important. The im-and 10-100 % at 10 % increments. Wheya becomes suf-
pacts of chemistry and radiation on the wind extraction pro-ficiently small, the 4D-Var cost function minimization algo-
cess are reserved for future work. rithm fails to converge. For each tracer, the lowegt er-

ror for which the algorithm converges in 100 iterations is
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Fig. 2. Global maps of PV, @ N»O, and HBHO (columns 1, 2, 3, and 4, respectively) for days 15, 20, 25, and 30 (rows 1, 2, 3, and 4,
respectively) during the nature run. For all maps red (blue) contours indicate high (low) values. Units%ne 261 for PV and parts per
million by volume (ppmv) for @ and O and parts per billion by volume (ppbv) fonL.

labeled as the base error standard deviation (BEST) expeiAs a global consistency check of the solution, we calcu-

iment. The BEST experiments correspondot of 0.5%  latedx2=(y — Hx?)" [HP’H” + R]"1(y — Hx?), which

for Oz, 2% for NbO, and 0.3% for HO. As will be shown  should equal the number of observations (Ménard et al.,
(Fig. 10), as the observation errors decrease, wind extrac2000). These two numbers agree to within 1.5% (based on
tion asymptotically approaches a maximum, such that theoot mean square error (RMSE) differences over 10 days) for
exact choice of BEST observation error is not critical. In ad- all experiments shown.

dition, we performed an experiment in which we specified

oob consistent with MLS retrieval error at 10 hPa 80 km),

with values of 0.1ppmv for @ 0.01ppmv for NO, and 4 Results

0.3 ppmv for BO (see MLS Version 3.3 level 2 data qual-

ity and description document, Livesey et al., 2011). Thesewe first examine the results of the first analysis time step,
are referred to as MLS experiments. The MLS values arepr single-cycle assimilation. This allows us to compare wind

used here to represent typical state-of-the-art measurementgxtraction potential for each tracer under the same initial
even though the simulated observation density and frequencyonditions (identical background wind error and perfect ini-

are better than any foreseen measurement system. Note th@g| background tracer fields). We then examine results for
oop for all experiments is in mixing ratio units, and the rel- 10 days of tracer assimilation to determine how well tracer
ative error will vary depending on the tracer distribution. assimilation alone is able to constrain the model dynamics.
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Fig. 3. Top row panels: RMSE for zonal wind, meridional wind, and height as a function of latitude for the first cycleagbinilation from
the BEST experiment. Black lines show the background errors 8th. Blue lines show analysis errorszat0 h (solid), 3 h (dotted), and

6 h (dashed). Green lines show the TLM errors after 6 h of integration. Middle row panels: the analysis increments as a function of longitude

and latitude at =0 h. Bottom row panels: the ideal increments as a function of longitude and latitud®&t For the increment maps, red
(blue) contours indicate high (low) values. Units are ™ $or zonal and meridional wind and m for height.

In a typical NWP system, tracer data is not assimilated alonegeopotential, the reduction is greatest in the extratropics of
but in combination with a full suite of meteorological obser- both hemispheres. Winds are affected by tracer assimilation
vations. However, the goal of this study is to examine thedirectly via the adjoint of the tracer continuity equation. The
limits of wind extraction solely from tracer measurements. influence on the geopotential is secondary via advection of
First, we examine the BEST f0assimilation. Figure 3 the geopotential and via the wind—geopotential correlations
shows the zonal average background and analysis errors fan Pg. Since the latter is absent in the tropics (see Fig. 1b),
the first analysis cycle. In order to verify the analysis overit is expected that the tropical height field will be less in-
the entire time window, the analysis error is plotted for O, fluenced by tracer assimilation. The wind analysis error is
3, and 6 h. Global maps of the analysis increments (analysisimilar throughout the analysis time window. The height
— background) and ideal analysis increments (truth — backanalysis error, however, shows more sensitivity with time,
ground) at 0 h are also shown for each of the dynamical vari-with smaller RMSE in the extratropical SH and the sub-
ables. For all three variables, the analysis errors are less thanopical NH toward the end of the analysis window. In the
the background errors over most of the globe. The most draNH extratropics, the height errors actually increase with time
matic error reduction occurs for the meridional wind, where over the analysis window.
errors drop from~ 2-4ms ! down to~ 1.0-1.5ms?. For
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Fig. 4. RMSE for zonal wind, meridional wind, and height as a function of latitude for the first cycle of the BEST experiment (top row
panels) and MLS experiment (bottom row panels)=0 h. Background errors are black, while analysis errors are shownsf¢re@), NbO
(green), and HO (blue). Units are ms! for zonal and meridional wind and m for height.

The ability to extract wind is partially dependentonthe ac- We further quantify these results by introducing the
curacy of the TLM integration compared to the full nonlinear wind extraction potential (WEP), which we define
model. The TLM error is also plotted in Fig. 3. Non-zero er- as follows. First, we calculate the analyzed RMSE
rors indicate the effects of neglecting the nonlinear terms infor zonal and meridional wind errors as a function
the SWM equations. The TLM errors are everywhere smallerof latitude and time, urmse(¢, t) and vrmse(®, 1),
than the analysis errors. The zonal wind TLM error shows aand from these we obtain the vector wind error
peak at 40N, suggesting that nonlinear terms are playing Vruse(®, t) =\/[ERMSE(¢, 1% + [Vrmse(, 1)]12.
arole there. The TLM errors give an estimate of the limit of The percentage difference in vector wind er-
4D-Var wind extraction for this first cycle. The zonal average ror relative to the initial error is then calculated,
TLM wind errors are less thar 0.5 ms ! across the globe  [Vruse(¢, 0) — Vruse(®, 1)1/ Vruse(¢, 0) x 100 %, and
and height errors are less tharb m, and both are clearly a WEP is defined as the area-weighted global mean of this
small percentage of the analysis errors. Comparing the increquantity. A WEP value of 100 % indicates the analysis equals
ment maps in Fig. 3, we see that most of the large-scale feathe truth Vrmse(@, 1) =0). Table 2 lists the WEP values
tures in the analyzed wind and height increments match thoséor select experiments. For BEST, the WEP after one cycle
in the ideal increments. The increments are generally largeis similar for all three tracers~57-59 %), indicating that
in the NH, which is expected since the dynamical fields of tracer assimilation alone is able to correct for almost 60 % of
the nature run were forced by planetary waves in the NH.  the wind error in only one cycle. For the MLS experiment,

We next compare BEST single-cycle results for all threethe WEP varies by tracer with Ohaving the strongest
tracers. Figure 4 (top row) shows the background and analimpact, and nearly the BEST impact, (57 %), followed
ysis errors for @, N2O, and HBO. The error reductions in closely by NO (45%). BO assimilation results in much
zonal and meridional wind for all three tracers are similar. smaller error reductions (16 % WEP) than the other tracers.
There are more noticeable differences in the height errorsThese results can be qualitatively explained by dividing the
particularly in the NH extratropics. The single-cycle results global tracer range (maximum — minimum mixing ratio) by
for experiments using stratospheric MLS precision estimatedhe precision of each tracer (the range-to-precision ratio).
for ogp are also shown in Fig. 4. Unlike the BEST results, This ratio (at 0h of the first assimilation cycle) 1§73 %
the wind and height error reduction varies by tracer, with O for O3, ~ 23 % for NbO, and~ 6 % for HyO. Although the
having the strongest impact, followed closely byON H,O relative precision value for O is larger than that of $D,
assimilation in this experiment appears to have much less othe dynamic range of pO values is greater, causing it to
an impact on the dynamical fields. give a larger WEP value. This is a simple rule-of-thumb re-

lationship. More precisely, the wind extraction is influenced
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Fig. 5. Global RMSE for zonal wind, meridional wind, height, Fig. 6. RMSE for zonal wind, meridional wind, height, and tracer
and tracer for the BEST experimentz@ed), NbO (green), and ~ as a function of latitude for the BEST experiment; (ed), NoO
H,O (blue). Units are ms! for zonal and meridional wind, m for ~ (green), and HO (blue). Results after 10 days of cycling are shown.
height, and tracer % relative tqy. Circles indicate the initial global ~ Units are ms™ for zonal and meridional wind, m for height, and
RMSE. tracer % relative tegp.

by the magnitude and orientation of the local tracer gradient®bservation coverage on the full Gaussian grid at hourly in-
relative to the wind errors (see Allen et al., 2013, for further tervals. Figure 5 shows the time variation of the globally av-
discussion). eraged RMSE analysis for the BEST experiments. Like the
These simulations approximate only one stratosphericsingle-cycle results, all three tracers show similar error re-
level (850K or~10hPa) and one set of dynamical condi- duction. By day 6, the zonal and meridional wind errors reach
tions. The results for tracer distributions and dynamics fora minimum of ~0.3ms1, and the height errors drop to
other levels and conditions will result in varying WEP. For ~12-13 m. The tracer errors, scaleddyy, are also shown
example, we ran experiments using a nature run initializedn Fig. 5. The tracer errors increase over the first cycle from
with MLS data at 460 K 70 hPa) and used the MLS preci- initially perfect conditions, and then decrease steadily, with
sion values of that level faryp, but used the same dynamical tracer errors of< 15% after 10 days. Figure 6 shows the
fields. The resulting WEP values after one cycle (45% forzonal average, day 10 analysis errors for the BEST experi-
O3, 20% for O, and 3.2 % for IHO) were smaller than at ment as a function of latitude. Wind errors are nearly con-
850 K. This can be qualitatively explained by smaller range-stant in latitude, with zonal wind error slightly larger in the
to-precision ratios at 460 k37 for O3, ~ 12 for NoO, and  NH. Height errors are also nearly constant, except near the
~ 4 for H,0) relative to those at 850 K. While the precision poles. Tracer errors are generally larger in the tropics. Some
value of & is smaller at 460K (0.04 ppmv), the range is latitude dependence may be expected due to the sampling
much smaller due to lower mixing ratios. Fop®, the pre-  of tracer observations on the Gaussian grid. Because there
cision value is larger at 460 K (0.02 ppmv), while the range are no spatial correlations in the simulated observations or
is slightly smaller. For HO, the precision is the same as at background covariance, the denser coverage near the poles
850K (0.3 ppmv), but the range is smaller. These results arshould, in principle, preferentially reduce tracer errors near
consistent with Allen et al. (2013), who showed greater windthe poles.
extraction in the middle and upper stratosphere than in the In Fig. 7, the time variation of the analysis errors for
lower stratosphere for a 4D-Var ozone assimilation experi-the MLS experiments is shown. The winds are less con-
ment using a full NWP system. strained than in the BEST experiments with final values of
We next examine the results of 10 days of assimilation,~0.3ms? for O3, ~0.4ms? for N,O, and~0.9ms?1
corresponding to days 20 to 30 of the nature run. Althoughfor H,O. The height errors level out at values-efL3 m for
the initial background tracer field is perfect for the first cycle, Oz, ~ 14 m for N,O, and~ 19 m for HO. Final RMSE for
background tracer errors develop over subsequent cycles dueacers are~ 6—10 % ofogp for each tracer. Figure 8 shows
to imperfect wind fields. For these runs, we continue to usethe latitude dependence of the errors for the MLS experiment
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Table 2. Specifications for select assimilation experiments used in , _BEST Experiment -

this paper. Wind extraction potential (WEP) is percentage of poten- ’ — /r/‘-’-’—
tial global vector wind reduction (see text for details). For the WEP — O ] //"“/‘

MLS Experiment

after 10 days (last column), the value shown is the average value o *
over the past four cycles. Note that ppmv refers to parts per million

Wind Extraction [%)]
Wind Extraction [%)]

by volume. O O
Tracer Experiment ogp oopb WEP (%) WEP (%) S0f ‘ ‘ ] sr ‘ ‘ ‘
(ppmv) (% of (one (after 0 2 4 6 8 10 0 2 4 6 8 10
mean cycle) 10 days) oay bay
Value) 100% Error Experiment No Data Experiment
100 " " " " 100 " " " "
O3 BEST 0.0419 0.50 58 90
N,O  BEST 0.00274  2.00 57 0 gl £ of
H,O BEST 0.0157 0.30 59 90 g g
O3 MLS 0.100 1.19 57 90 & N S ]
NoO MLS 0.010 7.30 45 87 H s
H,O MLS 0.300 5.75 16 72
- -50 T
O3 100% error  8.375 100.00 1.7 12 o 2 . e e o e 4 e s T
N>O 100% error  0.137 100.00 6.1 36 Day Day
H>0 100% error  5.219 100.00 -0.2 -19

Fig. 9.WEP (in %) as a function of time for BEST, MLS, 100 % er-

ror and “no data” experiments:Jred), NbO (green), BO (blue),

and “no data” (black). The “no data” indicates the WEP diagnos-

after 10 days. Wind errors are again relatively constant withtic applied to a 10-day forecast with no data assimilated. Circles

latitude for each tracer, although the®iresults show more indicate the initial WEP values (0 % in each case).

variability than in the BEST experiment. The height and

tracer errors continue to show latitude dependence, with the

tracer error generally maximizing in the tropics, except for aBEST experiment, the WEP value after 10 days-iS0 %

spike in the Q error near the South Pole. for all three tracers (see Table 2 for summary of WEP val-
The WEP results over 10 days of assimilation are shownues). It is clear that the high precision and global hourly ob-

in Fig. 9 for BEST and MLS experiments, along with the servation sampling in these experiments is sufficient to sig-

100% (relative to global mean) error experiment. For thenificantly reduce the initial wind errors. With errors based on
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MLS precision, the relative impact on winds from the three 10 Day Wind Extraction Potential
tracers is consistent with the single-cycle results, with day ot ‘ |
10 WEP values of 90 % for §) 87 % for NbO, and 72 % for o

H20. For the 100 % error experiment, day 10 WEP is 12 % 60

for O3, 36 % for NbO, and—19 % for H,O. Note that the
negative WEP for HO does not necessarily indicate a neg-
ative impact of assimilation. A calculation of day 10 wind

WEP [%]

20~

errors resulting from a “no data” experiment (i.e., a 10-day of

forecast) results in a day 10 WEP-680 %, and the time se- 20F

ries of WEP for the “no data” experiment is always below the of ‘ ‘ ]

WEP with assimilation (see black line on Fig. 9). So assim- o 10 100 1000

ilation of the tracers results in positive impact on the winds e Obseeton Srer o giobetmenn)

even for the case of 100 % relative error. Fig. 10. WEP (in %) as a function of specified tracer observation
The WEP values obtained for the 10-day cycling experi- error for Gz (red), NbO (green), and LO (blue). BEST experiment

ments for BEST and MLS are very similar fos@nd NO, values are indicated with circles, and MLS experiment values (i.e.,

which suggests that the MLS precision for these tracers proUSing MLS precision levels) are indicated with diamonds. The black
vides nearly the maximum pOSS|b|e wind extraction poten_dotted line indicates the result for no data assimilated.

tial. To further examine this, we performed assimilation ex-

periments usingob ranging from the BEST values up to appropriately in the assimilation system. We caution, how-

100% of the global mean. The resulting WEP values are : C ;
A . . ver, that th results ar n highl imisti ndi-
plotted in Fig. 10 as a function afy,p normalized by the ever, that these results are based on highly optimistic cond

i lobal F ht the WEP totes t tions. In a real world NWP system, tracer assimilation will be
ralcergfo ;10 [;ean. (()jr eac racle:r, N q gsy'_“p (t)hes O &aluated in terms of the incremental improvement to a wind
vaiue ot~ 9% 7 asoop dECTeases. ordand Ny using the analysis that is already fairly good. Model error, observation
MLS precision values results in nearly the maximum WEP.

For H,0, however, the MLS precision corresponds to aWEPresolunqr_l, a_nd observat_lon biases might reduce or prevent
T ; any positive impact on winds.
value that is significantly smaller than the maximum. The
fact that the WEP for all three tracers asymptotes to the same
value suggests that the maximum WEP is limited by deficien-5 Discussion
ciesin the DAS (e.g., TLM errors and imperfect modeling of
the background errors), rather than limited by the geophysi-The use of trace gas data to benefit stratospheric winds in
cal variability of the tracers. To probe the theoretical limit of 4D-Var NWP systems is an attractive prospect, given the
WEP, we also performed idealized 10-day simulations usingpaucity of direct wind observations in the stratosphere. The
unperturbed “perfect” observations and highly inflated back-success, however, depends on a number of factors such as
ground wind errors in order to artificially force larger wind the quality of the background tracer field and the observa-
increments. These experiments (not shown) resulted in maxtion precision, temporal sampling, and spatial coverage. Han
imum WEP of 98 % for @ and NbO and 95 % for HHO. This ~ and McNally (2010) reported that solar backscatter ultravi-
suggests that complete (100 % WEP) wind extraction is the-olet (SBUV) ozone assimilation could degrade the opera-
oretically possible from these tracers, but the extraction intional ECMWF 4D-Var wind analyses. In order to prevent
realistic experiments will be limited both by the DAS and by erroneous wind increments, they stated that “the observa-
observation errors. tion operator that links wind adjustments to changes in ozone
N2O provides the largest WEP values for a given relative concentration has been artificially cut.” The erroneous incre-
observation error due to its large dynamic range, while thements were caused by the system attempting to correct for bi-
small dynamic range of O limits the wind extraction. As ases between ozone observations and the model background.
the error increases, the WEP values decrease monotonicallfgiases are one of the major obstacles that need to be over-
For all experiments shown, the effect of tracer assimilationcome in order to extract wind from stratospheric tracers.
is to improve the winds relative to the case of “no data” (in- The main tracer that has been used in previous studies
dicated by black dotted line on Fig. 10). Even with imposedis Os, for which observations are readily available, ang O
Gaussian random observation errors of 100 % of the globals also generally included as a prognostic variable in NWP
mean value, wind information is extracted in this 4D-Var sys- forecast models. 0 is also included in NWP systems, so it
tem. Although the observation errors are large, the error igprovides an additional tracer for wind extraction. However,
correctly specified in the assimilation system, so the data ar¢he results of this study show that the impact ¢f0H when
correctly weighted. Therefore, any of these tracers has théhe observation errors are constrained by MLS precisions,
potential to be useful for tracer wind extraction, even if they on the dynamics in the middle stratosphere via the 4D-Var
are poorly measured, as long as the data coverage is suffinechanisms is far less than fog.QN>O provides a third in-
cient and the observation and background errors are modele@resting possibility, which for these experiments rivals the
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potential benefits from & One advantage of /D over Q3 extraction. Although the EnKF and hybrid-EnKF approaches
is that the photochemistry of JO is less important, given a for tracer—wind extraction are very promising, there are still
long photochemical lifetime in the stratosphere. In this study,many challenges that must be overcome, not least of which
the tracers were assumed to be passive. Inclusiorg@f@  is the computational cost. Therefore, many operational NWP
N2O errors in photochemical parameterizations could tip thecenters (including the US Navy’s operational Fleet Numer-
scales towards PO as being the more useful tracer for wind ical Meteorology and Oceanography Center) are still cur-
extraction at certain levels. However, it is likely that the im- rently using 4D-Var assimilation techniques.
pact of N O would decrease with altitude in the upper strato-
sphere due to smaller mixing ratio and shorter photochemical ,
lifetime. 6 Conclusions

This study modeled the wind—tracer coupling using a 4D-
Var system, which has certain inherent limitations. In 4D-Var

the coupling of tracer and dynamical fields (wind, tempera- . : . .
. L ! L was used to examine the tracer—wind coupling problem in a
ture, and geopotential) occurs implicitly via the adjoint of

the TLM, which propagates sensitivities of the cost function highly idealized setting. While a number of additional tracers

with respect to the tracer observations backwards in time to(methane, chlorofluorocarbons, etc.) could have been tested,

obtain sensitivities of the cost function to the model state atWe focused on @ N0, and HO, which are readily avail-

the beginning of the analysis window. The optimization prob- able from instruments such as MLS. Using tracer data based

. . - on a nature run, we assimilated hourly observations on the
lem involves perturbing the initial model state such that the . . : :
. 2 s . . full Gaussian grid. In experiments with very small observa-
resulting forecast minimizes the “distance” of the analysis

with the background and with the observations, subject to er_t|on error (BEST cases), the three tracers are able to constrain

; : .~ the model winds, height, and tracer, with wind extraction po-
ror (and possibly other) constraints. In general, tracer—win . . 1
.o h o NS o tential of 90% after 10 days, wind errors 6f0.3ms -,
coupling is not specified explicitly ifP;. Realistic tracer—

) o - _ . and height errors of- 13 m, given extremely small obser-
wind coupling is more difficult to impose with a staﬂRg vation errors of 0.0419 ppmv for£0.00274 ppmv for HO
than the wind—temperature coupling. The latter takes advan ’

fq ical bal N Dalev. 2001). N and 0.0157 ppmv for pD. For the BEST cases, each tracer
tag(:lob Iynamlca a anFI;eballpptEOX|matlons( a eya ) 3 as able to provide similar dynamical information. However,
such balances are available between tracer and winds, iy, the tracer observations have errors that match the pre-

t_h(_)ugh correlations betwgen certain tracers and potential VOlzision of MLS, Q provides the most dynamical information,
ticity may prove useful (Li et al., 1998; Elbern et al., 2010).

0 btai listi ind lation® closely followed by NO. Due to weaker gradients relative
_ oneway to obtain rea |§t|c tracer-win corre atloq 81 to the MLS precision, KO provided the least impact on the
is to use ensemble statistics to propagate information fro

b d variabl he oth Thi h . winds. As expected, wind extraction is more difficult with
one observed varia e'tc')t e other ones. IS approach avol ﬁrger observation error, although the overall impact on the
using the TLM and adjoint completely, relying on an ensem-

ble of f based he full i : d Iwinds is positive even with random errors up to 100 % of the
€o o_recasts ased on the full nonlinear forecast mo © global mean, as long as the observation error standard devia-
Milewski and Bourqui (2011) used an ensemble Kalman fil-

EnKE) with a chemi i del | h tion is specified consistently with the imposed errors. These
ter ( : ) wit ac emistry-c '”.‘ate model in a system that o o115 show that by taking advantage of the tracer—wind cou-
assimilated realistic stratospheric temperature and ozone o

. | h h inilati ¢ il ling mechanism, 4D-Var assimilation of global tracer ob-
servations. It was shown .t at assimi at|(_)n 01 020N€ Profi€Sqq ations is able to very accurately constrain the entire state
was able to significantly improve the wind analysis due to

h : Thi h I atiod vector of the shallow water model (winds, height, and tracer)
the crt;)ss—co(\j/anances. : |shsugge3t?t|:t ahwe “Spe .%'e. under idealized conditions. In a realistic NWP system with
may be use t9 constrain the wind field when assimilating, | gjte of observations, errors in the forecast model and
tracer observations. Further work by Massart et al. (2012) ex;

amined using ensemble-based ozﬁ’@especification within

a 4D-Var assimilation suite in order to improve ozone anal-
yses. This “hybrid” approach is gaining momentum in the
NWP community (e.g., Kuhl et al., 2013) but is relatively un- acknowledgementsive would like to acknowledge the editor and
explored in the context of chemical data assimilation. While two reviewers for helpful comments on the manuscript. This work
Massart et al. (2012) showed that ozone analyses benefitvas funded by the US Office of Naval Research.

ted from improved flow-dependent ozoﬁ’é, their system

was univariate (based on a chemistry and transport modefdited by: W. Lahoz

driven by offline winds), and so the ozone assimilation did

not provide feedback on the model dynamics. A full hybrid

ensemble approach to the complete chemical and dynami-

cal system may produce further improvements to tracer-wind

A 4D-Var data assimilation system based on a global shal-
low water model coupled to a tracer advection equation

racer observation biases and sampling limitations will likely
reduce the impact of tracers on the dynamics.
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