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Abstract. This paper compares the forecast performance ofL  Introduction
four strategies for coupling global and limited area data as-
similation: three strategies propagate information from thean atmospheric limited area model uses time-dependent lat-
global to the limited area process, while the fourth strategyeral boundary conditions provided by a global atmospheric
feeds back information from the limited area to the global model. In current practice, the initial conditions for the lim-
process. All four strategies are formulated in the Local En-jted area model are either analyses prepared using the global
semble Transform Kalman Filter (LETKF) framework. model and interpolated to the higher resolution grid of the
Numerical experiments are carried out with the modellimited area model, or analyses prepared by using a data
component of the National Centers for Environmental Pre-assimilation system specifically designed to produce initial
diction (NCEP) Global Forecast System (GFS) and thestates for use by the limited area model. In the latter case,
NCEP Regional Spectral Model (RSM). The limited area do-the analysis inside the limited area domain is obtained in-
main is an extended North-America region that includes partdependently of the global analysis (e.garn et al, 2006
of the north-east Pacific. The GFS is integrated at horizon-Zhang et al.2006 Huang et al.2009. The aforementioned
tal resolution T62 (about 150 km in the mid-latitudes), while two approaches are motivated by the practical constraint that
the RSM is integrated at horizontal resolution 48 km. Exper-most weather prediction centers and research groups who
iments are carried out both under the perfect model hypotherun limited area models have access to global analysis prod-
sis and in a realistic setting. The coupling strategies are evalucts, but do not have the capability to produce global analy-
uated by comparing their deterministic forecast performanceses. The only exceptions are a handful of operational NWP
at 12-h and 48-h lead times. centers, e.g., the National Centers for Environmental Predic-
The results suggest that the limited area data assimilatioion (NCEP), who prepare both global and limited area anal-
system has the potential to enhance the forecasts at 12-¥$es, but, mainly for practical reasons, follow one of the two
lead time in the limited area domain at the synoptic and subaforementioned approaches.
synoptic scales (in the global wave number range of about 10 In this paper, we consider the scenario in which we have
to 40). There is a clear indication that between the forecashccess to both the global and the limited-area model and an
performance of the different coupling strategies those that cyensemble-based data assimilation system. Our goal is to be-
cle the limited area assimilation process produce the most agyin to address the problem of finding that configuration of
curate forecasts. In the realistic setting, at 12-h forecast timehe coupling between these three components of the fore-
the limited area systems produce more modest improvementsast system, which provides the best global and limited area
compared to the global system than under the perfect modehodel forecasts. In particular, we compare the determinis-
hypothesis, and at 48-h forecast time the global forecasts aréic forecast performance of the system for different coupling
more accurate than the limited area forecasts. strategies using both simulated and operationally used obser-
vations of the atmosphere. In our experiments, the global
model is the model component of the Global Forecast Sys-
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150 km) horizontal resolution, the limited area model is theis a conventional uncoupled approach, which could be eas-
Regional Spectral Model (RSM) of NCERuUang 1992 ily implemented using any data assimilation algorithm, and
Juang and Kanamitsd994 Juang et aJ.1997 Juang and Strategy 2 and 3 could be implemented using any ensemble-
Hong, 2007 integrated at 48 km and L28 resolution, while based schemes, Strategy 4 takes advantage of the fact that
the data assimilation system is the Local Ensemble Transthe ensemble transform algorithm provides a straightforward
form Kalman Filter Ott et al, 2004 Hunt et al, 2007 Szun-  way to propagate information from the limited area data as-
yogh et al, 2008. We choose the NCEP RSM for this study, similation process to the global process.

because it has the most consistent dynamics, among all lim-

ited area models, with that of the NCEP GFS model. In par-2.1 Global and limited area model dynamics

ticular, the two models share the same physical parametriza- ) )

tion packages and the GFS model solution affects the RSM he global model dynamicg, defined by

solutions not only at the lateral boundaries, but also in the en-

tire limited area domain. We design numerical experimentsxg(tf) = 8lx (), 1)

to start assessing the forecast value added by the limited arggopagates an estimate (1) of the global atmospheric state
assimilation. We stress that the main aim of the present studyetween an initial time; and a final time;. The compo-
is to investigate the benefits of coupling global and limited nents ofx, (1) are the spatially discretized atmospheric state

ommendations for the operational practice: since the resolugrface pressure, humidity variables, etc.). The limited area
tion of our limited area model is lower than that of the oper- mdel dynamicsf, defined by

ational global model of NCEP, which at the time of writing
is T574 (about 27 km), the resolution in our experimentsisx;(f) = fx; (1), x ¢ (%i)], (2)

not sufficient to assess the quality of the current operational

systems. In addition, we do not assimilate satellite radiancdropagates an estimaie(s) of the atmospheric state in a
observations: Since global forecast systems tend to bendimited area sub-domain of the globe at a resolution that is
fit more from the assimilation of past observations, includ- higher than that at, (). Our notation in Eq.3) reflects that

ing large number of satellite radiance observations assimifor the NCEP RSM, the global initial condition affects the
lated at earlier analysis time, than the limited area system§,imited area model solution both inside and at the boundaries
where the propagation of information from past observationsof the limited area domain. We introduce the notation

is hindered by the imperfect boundary conditions (A. Lorenc,

personal communication, 2011), our experiments most Iikelyxl(t) =x1(t) = LIxg (0] (3)

underestimate the predictive value of the global system relasor the difference between the high resolution and the global
tive to that of the limited area system. state estimate in the limited area domain. In B), € is

The structure of the paper is as follows. Section 2 de-the mapping from the state space of the global model onto
scribes the coupling strategies we consider in this study. Seahe state space of the limited area model. In practice, this
tion 3 explains the design of the numerical experiments thatnapping is an interpolation from the lower resolution grid
we carry out to assess the performance of the different coupf the global model to the higher resolution grid of the re-
pling strategies. The results of the numerical experiments obgional model. While the limited area model resolves motions
tained for the perfect model scenario are presented in Sect. 4t scales that are smaller than the smallest scales resolved
while the results obtained with assimilating observations Ofby the global model, there are scales that contribute to both
the real atmosphere are reported in Sect. 5. Our conclusion,sl(,) andx,(r). Thus,x)(r) is a combination of flow fea-
are summarized in Sect. 6. tures resolved by both models and features resolved only by

the limited area model.

2 Coupling strategies 2.2 The motivation for coupled data assimilation

To design strategies for the coupling of a global and a lim-The derivation of the version of the LETKF which is consid-
ited area data assimilation system, we assume that the highered in this study is based on the assumption that a model
resolution limited area model provides a more accurate repean provide a perfect representation of the dynamics of the
resentation of the atmospheric dynamics in the limited areaobserved system(t et al, 2004 Hunt et al, 2007). An

than does the global model. Our goal is to take advantagénplementation of the scheme on a numerical weather pre-
of the availability of this presumed better model information diction model inevitably violates this assumption. One par-
within the limited area to improve the quality of the analyses. ticular source of the error is the spatial discretization of the
We introduce our strategies assuming that the data assimiladynamics: the atmospheric state at tinmis represented by a
tion component is based on an ensemble transform algorithrspatially continuous vector field(z), while a model uses a
(e.g.,Bishop et al.2001; Hunt et al, 2007). While Strategy 1  finite-dimensional discretization(r) of u(¢) assuming that a
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suitable projectiorP: x’ (1) = P[u] exists. (Here, the super-
scriptz indicates thak? () is the model state representation o T
of the true atmospheric state.) Thus the finite-dimensionar,(w) =k—Dw w+_b , T4

model dynamicg and f ignore an infinite number of in- +(¥° (1) = RIE" (1) + X7 (t)w]) " R (1) (¥° (1)
tergctions asso_ciat_ed with the unrgsolved flow components. —h[x’ (1) +Xb(t,,)w]). (8)
While parametrization of the sub-grid (unresolved) processes .

are designed to account for the effects of the unresolved In the local formulation of the ensemble-transform-based
scales on the resolved scale (eglnay, 2002, in general, scheme used in_this study, the weights are slowly varying
a higher resolution model is expected to provide a more achO”Ct'O_” of location Qtt et al, 2004 Hunt et al, 2007).
curate representation of the atmospheric dynamics. The mo¥’ (72) is the vector of observations assimilated at tgnand
tivation for employing a limited area model is to provide a the observation operatéix) maps the model representation
more accurate representation of the atmospheric dynamics igf the atmospherlc state to observables at qbservatlon times.
a limited area domain of particular interest. Our intended 1 h€ observation operator is assumed to satisfy

purpose in coupling the global and limited area data assimy°(z,,) = h[x'(t,)] +e(t,), 9)

|Iat|p N PrOCESSES 1S to take advan_tage Of. the presumed SWhere the vector of Gaussian random variablsg,) with
periority of the limited area model in the limited domain to

. L meanO and covariance matriR(z,) represents the obser-
improve the accuracy of the limited area analyses. . . : . A .
vation noise. In practicek(x) is an interpolation of the

model variables from the model grid points to the locations
and times of the observations and a conversion of the model

An ensemble-based data assimilation system obtains the sta¥@riables to the observed quantitfes.
estimate at analysis timg in two steps: (i) in theforecast In addition to the analysis®(z,), an ensemble transform
step a prior estimate of the state, called the background, angcheme also generates an ensemble of analysis perturbations
an estimate of the uncertainty in the background are obtaine@Y
by propagating informgtion from the previou; analysi_f,_ ti.me X9(t,) = X (1,)W(t,,). (10)
t,—1 tot, =t,_1+ Ar using the model dynamics; and (ii) in
the state update stepthe prior estimates of the state and its
uncertainty are updated based on the observations collect .

y b analysis ensemble*®(z,);k=1,...,.K. One approach to

in the time window(t,, — At/2,t, + At/2]. . u ; .
Formally, the forecast step involves preparing a K-membercOmpute the weight vectow®(z,) and the weight matrix

ensemble of background forecastd® (1,), k = 1,.... K}. W“(tn). is through a square-root Kalman filter algorithm
For instance, in a global data assimilation system (e.g., Tippett et al, 2003.

xZ(k)(tn) _ g[XZ(k)(tn—l)], k=1... K. (4) 2.4 Coupling strategies

2.3 Ensemble transform data assimilation schemes

The analysis perturbations, which are the columns of
e)é“(tn), are added tac“(r,) to obtain the members of the

In all four configurations of the coupling considered in
this paper, the global background ensemble is obtained by
Eqg. @). In the first three strategies we describe, the cou-
pling is in one direction: the limited area data assimilation
" . K bk process uses information provided by the global analysis at
X (t)) =K ZX ® (1), (5)  the current or the previous analysis time, but the limited area
k=1 analysis has no effect on the global analysis at the current
or future analysis times. In the fourth strategy, the global
analysis within the limited area domain is prepared using in-
formation from the limited area analysis, thus feeding back
PP (1) = (K — )" X2 (1) X2 ()17, (6)  information from the limited area data assimilation process
to the global data assimilation process. In our description of
- : coupling Strategy 4, we make use of the fact that both the
matrix whosek-th column is thek-th background ensemble 63 analysis and the analysis ensemble members can be

i b(k) — 4.b(k) _xb . e
perturbatione”® = x*® (5,) — % (1,). o computed by linearly combining the background ensemble
In an ensemble-transform-based data assimilation SChemﬁerturbations.

the ensemble mean analysis is obtained by

where {x;f,(k)(t,,_l), k=1,...,K} are the members of the
analysis ensemble at the previous analysis tigng. The
background state’(,) is defined by the ensemble mean,

while the uncertainty in the estima®é(z,) is described by
the ensemble based estimate

of the background error covariance matrix. H¥f&z,) is the

1Because the observations assimilated at tirere collected in
X9 (ty) = X () + X (6w (1), (7)  thetime windowr € [1,, — At/2, 1, + At/2], the model is integrated
. “ . . fora time%At fromt,_1 to provide a background trajectoxy (r)
where the “weight vectoriv®(z,) is the value ofw that min- {5 the enire observation time window. The observation opevator

imizes the quadratic cost function operates on this background trajectory.

www.nonlin-processes-geophys.net/18/415/2011/ Nonlin. Processes Geophys., 13042611



418 D. Merkova et al.: Strategies for coupling global and limited-area ensemble Kalman filter assimilation

2.4.1 Strategy 1: limited area analysis by spectral 2.4.3 Strategy 3: cycled limited area analysis

interpolation
Strategy 2 is employed to create the limited area analy-

The limited area analysig/' () is obtained by interpolating sis ensemble only at the very first analysis timg, In
the global ensemble mean analysis to the higher resolutiomll subsequent cycles, the limited area background ensem-

grid of the limited area model. ble {xf’(k) (tn), k=1,2,...,K} is obtained by integrating the
— u limited area model from the limited area analysis ensemble
Xj (tn) = LIXG (1)) (11) (x®(,_1),k=1,2,..., K} from the previous analysis time,

In this configuration, although the global model is run in and the limited area analysis ensemble at timnie obtained

an ensemble mode, only a single limited area run is prepareBy Kalman filter assimilation of observations, as described in

using the mean of the global ensemble solution to provideseCtsz and2.3. In this configuration, the limited area anal-

the large scale forcing. In this configuration, the limited areaYSiS ¢&n perform better than in Strategy 2, if the limited area
model can outperform the global model if it can develop pre_background uncertainties cannot be fyll)_/ modeled as a rapid
dictable flow features in response to the higher resolutionf€sPonse of the smaller scale uncertainties to the global scale

bottom boundary forcing terms in the limited area domain.analySiS uncertainties. In this case, cycling the limited area

(Transient effects, due to the adjustment of the model state t§NlySiS may resultin a more accurate estimation of the state
the higher resolution forcing and to the interpolation of the through a more accurate estimation of the background mean

meteorological fields to the higher resolution orography, areand the background error covariance matrix of the limited

expected to have an initial negative influence on the perfor-area system.

mance of the limited area model.) 2.4.4 Strategy 4: feedback from the limited area

2.4.2 Strategy 2: non-cycled limited area analysis analysis to the global analysis

In the three coupling strategies described so far, the global
analysis is prepared prior to the limited area analysis both
outside and within the limited area domain. In contrast, in the
last strategy we describe, the limited area analysis is prepared
x,“(k) (tr_1) =E[x§(k)(tn_1)], k=1.2.... K. (12) first in the Iimited_ area domain and _the weighn;(tn) and
Wi (z,) from the limited area analysis are applied to global

This limited area analysis ensemble is then propagated forbackground ensemble to obtain the global analysis inside the

ward in time using the limited area model to obtain the lim- limited area domain. Outside the limited area domain, the

Members of the global analysis ensemblg,af are interpo-
lated to the higher resolution model grid of the limited area
model to obtain a limited area analysis ensemble:

ited area background ensemble: global analysis ensemble is obtained as before, computing
the weights based on the global background ensemble.
1/t = f1xf® (ty-0), 24P 1,11, (13) This strategy introduces a feedback from the limited area

analysis process to the global process. An attractive aspect

Alimited area analysisj (,) is then prepared by applying - of this approach is that it produces a global analysis ensem-

Egs. 6-10) the limited area background ensemb&é(k)(tn), ble that is consistent with the limited area analysis ensemble,
k=1,2,...,K}. This procedure is repeated at each analysisin the sense, that theth member of the global analysis en-
time. Note that the limited area analysis obtained at tijie semble,xg(k)(zn), and thek-th member of the limited area
not used at the subsequent analysis timegn > n). In this analysis ensembla;;‘(k) (1,), are obtained by the same lin-

configuration, the limited area analysis can perform betterg; compination of the background ensemble members. This
than in Strategy 1, if the high resolution background ensemsg 4nnealing because each limited area background ensemble

ble perturbations that develop aftega\t time integration of L amperis dynamically coupled to the global background en-
the limited area model, in response to the combined effects ogemble member of the same ensemble index b&) (t))is
\‘n

uncertainties in the lower resolution large scale flow and the bk) . <. ) T i
higher resolution forcing terms, provide a more accurate estiCOUPIEd toxg ' (7,)); applying the same weights to the lim-
ed area and global ensemble members, we ensure that the

mate of the background error covariance than does the globa ® .

background ensemble. Such an approach can also improv@lobal analyses’ ™ (z,) and the analyses of the high resolu-
the limited area forecasts, if it reduces the transient effectdion perturbationsx’,(k) (1,) are consistent with each other.

that may occur in Strategy 1 due to using a different model The feedback may also improve the global analysis in the
(the global model) in the data assimilation process than inarea near and within the limited area domain. In particular,
the forecast process (the limited area model). Finally, usingusing the high-resolution model fields to obtain the global
a higher resolution model grid in the analysis can reduce thenalysis may reduce the effect of the representativeness er-
interpolation errors introduced during the computation of therors in the observations. There are two practical issues that
observation operator. have to be addressed when implementing Strategy 4. First,
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using the weights from the higher resolution limited areasmall-scale components of the fields are artificially damp-
analysis in the global analysis requires an algorithm to mapened. The effective resolution of the model is about 200 km
the weights from the high resolution grid to the lower reso- in the mid-latitudes.
lution global grid. Second, abrupt changes may occur in the
weights near the boundaries of the limited area domain. This8.1.2 RSM
can be addressed by implementing a blending process that
smooths the changes in the weights near the boundary of th€he RSM predicts the evolution of a high resolution pertur-
limited area domain (see Se8t2). bation to the lower resolution global model solution and ob-
Finally, we note that it would be particularly interesting tains the high-resolution model forecast by adding the fore-
to test Strategy 4 on a coupled global limited-area modelcast perturbation to the global foreca3tgng 1992 Juang
with two-way nesting; that is, in a system where the high- €t al, 1997. For the computation of the sum of the per-
resolution global solution continuously affects the coarse resturbation and the global fields, the spherical harmonics that
olution global solution within the limited area domain (e.g., represent the global fields in spectral space are directly trans-
Harris and Durran2010. Unfortunately, while two-way formed to the grid points of the NCEP RSM. In our experi-
nesting is becoming standard for mesoscale models, there i®ents, we use the RSM with a 6-h nesting period, that is,
no readily available two-way nested system for the global-we store the global model solution with a 6-h resolution and
limited-area setting. compute the global fields by a linear time interpolation at
each time step of the integration of the RSM.
In the RSM, the time evolution of the perturbation is gov-
3 Experiment design erned by the nonlinear interactions between the different
components of the perturbation and the nonlinear interac-
First, we briefly introduce the three main components of ourtions between the perturbations and the large scale flow. The
coupled analysis-forecast system: the global GFS model, thperturbation equation is solved by a spectral transform tech-
limited area RSM model and the LETKF data assimilation hique using double cosine and sine functions to represent the
system. Then, we describe the design of the numerical exmeteorological fields. The vertical coordinate of the model
periments, the observational data sets we assimilate, and ttie sigma and the 28 sigma levels of the RSM in our experi-
verification scores we use to evaluate the different couplingments are the same as those of the GFS model. We choose

strategies. an extended North-American region to be the limited area
domain (Fig.1), and we use a horizontal resolution of 48 km

3.1 System components in this domain. While the increase of the model resolution
with respect to the resolution of the global model may seem

3.1.1 The model component of the GFS to be modest, locally it can lead to a 300—500 m more accu-

rate representation of the orography (R2p.
The GFS consists of a model and a data assimilation com- The RSM model offers different options to ensure a
ponent, but in this study we use only the model compo-smooth transition of the limited area perturbations to zero
nent. The dynamical core of the model is described inat the boundaries. We choose the implicit relaxation and
Sela(1980. The model has been upgraded numerous timeslending procedures described Joang et al(1997. The
since the nineteen-eighties, mainly to improve the physicablending procedure computes a weighted average of the high
parametrization and the computational performance, but theesolution forecast and the global forecast, giving increas-
general solution strategy of the dynamical core has remainethgly larger weights to the global forecast moving toward the
the same. In particular, the model uses the spectral transforrboundaries. We set the blending parameters such that blend-
technigue to solve the model equations; that is, the nonlineaing affects a total of 20 % of the grid points in each direction
terms and the terms associated with parametrized physicglL0 % at each lateral boundary). Thus, since the total num-
processes are computed on a grid, while the spatial derivaber of grid points in the zonal direction is 193, the blending
tives are computed in spectral space using spherical harmoraffects 19 points at the eastern and western boundaries and
ics for the representation of the atmospheric fields. For ver-14 of the 140 grid points in the meridional direction at the
tical discretization the model uses a sigma coordinate syssouthern and northern boundaries. Multiple nesting and non-
tem. We use a version of the model that was used in operhydrostatic options are available in the RSMiéng et aJ.
ations in 2004, abut at a lover horizontal and vertical reso-1997 Juang 2000, but we do not use these features in our
lution. We integrate the model using a triangular truncationexperiments.
with a cut-off wave-number of 62 and 28 vertical sigma lev-
els (T62L28). At this spectral resolution the nominal reso-3.2 LETKF
lution of the model (the grid spacing) is about 150 km in the
mid-latitudes, but, because of the use of a scale dependem the LETKF, the state update step of the Kalman filter is
diffusion to maintain a realistic kinetic energy spectrum, the performed independently for each component of the state
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Fig. 1. The limited area domain. Green rectangle indicates the boundary of the forecast verification domain. Thin contours show the time
mean of the geopotential height of the pressure level in the "true” states.
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Fig. 2. Difference in the orography of the RSM and the GFS models. Thin contours show the height of the orography in the RSM model,
while color shades show the height of the orography in the GFS model minus the height of the orography in the RSM.

vector QOtt et al, 2004 Hunt et al, 2007). A key step of the  this study, we use the same set of LETKF parameters in both
LETKF algorithm is the selection of the set of observationsthe global and the limited area data assimilation system as
that are considered when updating the estimate of a givemve used in the global system describedSrunyogh et al.
state vector component. In practice, the different state vec{2008. The number of ensemble memberkis= 40, obser-

tor components at a given grid point are analyzed in one stepations are assimilated if they are in a 800 km radius of the
and in situ observations are selected for assimilation if theygrid point, and the inverse of the assumed observational error
are closer to the grid point than a given distance. The assimvariance is tapered linearly from one over its original value to
ilation of nonlocal radiance observations with the LETKF is zero between a distance of 500 and 800 km (thus tapering the
also possible, but for those observations the observation seffects of observations on the analysis that are further away
lection is done in a different wayFértig et al, 2008. In than 500km). The initial ensemble members are sampled

Nonlin. Processes Geophys., 18, 4436 2011 www.nonlin-processes-geophys.net/18/415/2011/



D. Merkova et al.: Strategies for coupling global and limited-area ensemble Kalman filter assimilation 421

BON

10M ; ; r - T r r : T T : - T
180 1700 160W 1SOM 140w 130W 1208 110w 100w 9Ow 80w oW soW 50W A0

\ (R
—180 =150 -120 -80 —-60 -30 -10 10 30 &0 80 120 1560 180

Fig. 3. A snapshot of the high-resolution perturbation component of the truth in the limited area domain (color shades). Shown is the 500 hPa
geopotential height component of the perturbation after 16 days of model integration. Also shown is the low resolution global component of
the 500 hPa “true” geopotential height field (contours).

from a free run with the NCEP GFS. The one important dif- the analysis time; that is, the random observational noise is
ference between our implementation of the LETKF on theadded to the true state at the analysis tif&his true state
GFS and the RSM is that in the GFS implementation we em-s obtained by first generating a time series of coarse resolu-
ploy a digital filter Cynch and Huang1992 to control free  tion global true states with a 60-day integration of the NCEP
gravity wave oscillations, but we do not employ such filtering GFS starting from the operational global analysis of NCEP
for the RSM. on 1 January 2004 at 00:00 UTC. Then, a 60-day integration
In our imp|ementation of Strategy 4, we compute the of the RSM is carried out to add a high resolution pertur-
weights wg (1,) and Wg(z,) for the global analysis within bation to the true state over the extended North American
the limited area domain by taking the algebraic mean of the'egion. Figurel shows the time mean flow in the nature run.
weights at the four closest grid point of the high resolution One important feature of the time mean flow is the low pres-
grid. We found that the blending procedure applied by thesure region over north-east Canada. The limited area model
RSM to the model fields results in a sufficiently smooth tran- domain includes only part of this stationary low, and, as we
sition of the Weights of the g|oba| system near the bound-ShOW later, this will obviously degrades the performance of
aries. Thus, applying a blending algorithm directly to the the limited area system in the region north of the 5200 gpm

weights was deemed not necessary. isoline.
Figure 3 shows the difference between the high- and the
3.3 Observational data set low-resolution components of the true state for the 500 hPa

geopotential height after 16 days of integration. Although
The observational data set is identical to the one useéhe regional model is startgd from a g_loba! analy5|s an_d the
global component of the high-resolution fields is provided

n Szunyogh et al(2008. It includes all con_ventlonal ._by the NCEP GFS throughout the entire simulation, substan-
(non-radiance) measurements that were operationally assug-

ilated at NCEP between 1 January 2004 at 00:00 UTC an ial differences develop between the high resolution true state

29 February 2004 18:00UTC. In the simulated observationand its global component inside the limited area domain. For

experiments, we use information only ab . (2 more guantitative assessment of the difference between the
, y about the location an

type of the observations from the observation reports to gen- 2When observations of the real atmosphere are assimilated, we
erate simulated observation of the right type at realistic locaake advantage of the 4-dimensional capabilities of the LETKF
tions by adding random “observation noise” to a time seriesHunt et al, 2004 2007; that is, we use background information,

of “true” states. To simplify the generation of the simulated regarding both the state and the error covariance matrix, which is
observations, we assume that all observations were taken atlid at the exact observation time.
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line with slope—3 indicates the scaling law for the kinetic energy / N/

in the inertial range of two-dimensional turbulence. 0ol 1000 7
F

m/s m/s

hPa

Meridional Wind 12h Meridional Wind 48h
high-resolution nature run and its low-resolution component, < o s
we show the kinetic energy spectrum for thigr) perturba- \

tion component of the nature run (Fig). The spectral anal- 100 ) 100 :
ysis takes advantage of the propertyxofr) that it satisfies s / / Y
double-periodic boundary conditions on the limited area do-* sw{  /

main: the kinetic energy spectrum is obtained by (i) taking '/
the double Fourier transform of the two zonal components **°
of the wind vector, (i) computing the square of the mag- o P
nitude of the spectral coefficients by multiplying the spec- . s 0 b /s *
tral coefficients with their complex conjugate, (iii) adding

the square of the magnitude for the two components of therig. 5. Vertical profile of the root-mean-square forecast error in the
wind (iv) summing the squares in unit width wave number limited area domain at 12-(&) and 48-h(b) forecast time for the
bands centering the bands on the integer wave numbers, fplobal forecast (red solid) and for the limited area forecasts with
nally (v) taking the time mean of the spectra. To make thecoupling Strategies 1 (orange dashes and dots), 2 (blue dashes) and
interpretation of the figure easier, we scale the wave numberg (green dots).

by the ratio of the length of the full latitude circle along the

globe at the given latitude and the zonal length of the lim- = . . .
ited area domain. That is. the results from the limited area’e'ification region that is smaller than the limited area do-

spectral analysis are shown with respect to the global Wavénain. (See Figl for the definition of the verification region.)

number. The spectral analysis shows that the initially zero'V€ d€€m a configuration better if it produces, on average,
ore accurate forecasts in the verification domain.

perturbationr;(¢) develops an energy spectrum that peaks at™ ) oo
the synoptic scales (wave number 6-20) and has a relatively In the perfect model experiments, the verification is done

large value even at the largest resolved scale of about wavadainst the known true state on the high resolution grid of the

N
S
]
Ve
//
N
N~/
v

hPa
N

500 /

800

number 4. RSM. This verification approach requires the interpolation
of the global model fields onto the higher resolution limited
3.4 \Verification scores area grid, when verifying global fields. The magnitude of the

error of the forecast of a variable at a given time and model
We assess the performance of the different coupling stratelevel is measured by the root-mean-square error. The mean
gies by preparing deterministic global and limited area fore-in the computation of the root-mean-square is taken either
casts for each configuration of the global/local data assim-over all grid points in the verification domain and over all
ilation coupling. We verify forecasts at 12-h and the 48- verification times, or over all verification times. In the former
h forecast lead times. Since the boundary conditions tenatase, the error for a given variable and level is a single scalar,
to degrade the limited area forecasts near the boundarieshile in the latter case, the error is a two-dimensional field
(e.g.,Warner et al. 1997 Torn et al, 2009, we define a in the limited area domain.
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(a) 12—Hour Forecast (d) 48—Hour Forecast

Fig. 6. The difference between the root-mean square errors of the geopotential height forecasts at the 300 hPa level for the different config-
urations of the analysis system at 12-h and 48-h lead times. Shown are the difference between the forecasts started from the global analysi
and the limited area analysis of Strategyalafidd), from the limited area analyses of Strategies 1 and ande), from the limited area

analyses of Strategies 2 and3andf). Where the values are positive the forecast from latter analysis is more accurate. Also shown is the
mean flow at the 300 hPa level for the "true states" in the verification period (contours).

To verify the forecasts of the real atmosphere, we com-the root-mean-square of the observation errors (8un-
pute the root-mean-square error of the forecasts againstogh et al, 2000.
radiosonde observations at the mandatory pressure levels
where observations are available for all radiosondes. For
the computation of this statistics, the forecasts are interpo-4

lated by a bilinear horizontal interpolation to the observatlonWe first compare the performance of data assimilation sys-

locations and the mean is taken over all observation Ioca—tems based on Strategies 1-3. Then we compare the perfor-

tions and over all observation times. Since the errors in the

. . ; mance of the two systems based on Strategy 3 and 4.
forecasts are not correlated with the errors in the radiosonde
observations, this verification approach can reliably detect

changes in the accuracy of the forecasts that are smaller than

Results for the perfect model scenario
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Fig. 7. Same as Figp, except for the geopotential height forecast at the 500 hPa level.

4.1 The comparison of Strategies 1, 2 and 3 We show the spatial distribution of the forecast improve-
ments introduced by the increasingly more sophisticated lim-
In Fig. 5, we show the vertical profile of the root-mean- jted area data assimilation process for the geopotential height
square error at 12-h and 48-h forecast times for the temperat the 300 and 500 hPa (Figg.and7) and for the temper-
ature and the two horizontal components of the wind. Theature at 850 hPa pressure level (F&). Using the limited
results suggest that all three limited area strategies provid@rea model only to prepare the forecasts (Strategy 1) con-
forecasts, which are more accurate than the global forecassistently improves all verified forecast parameters in the ver-
On average, Strategy 3 provides more accurate forecasts thafication domain (see panels a and d of Figs8), evolv-
Strategy 2, and Strategy 2 provides more accurate forecasifig the backround ensemble for a single assimilation cycle
than Strategy 1. While all three limited area forecast sys-with the limited area model (Strategy 2) has little additional
tems maintain their large advantage over the global systenyalue compared to Strategy 1 (panels b and e); while cycling
for the entire 48-h, the difference between the performancehe limited area assimilation (Strategy 3) leads to major im-
of the three limited area systems is smaller at 48-h than aprovements compared to Strategy 2. While the system based
12-h forecast time. on Strategy 3 performs the best in the verification domain,
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Fig. 8. Same as Fig5, except for the temperature at the 850 hPa level.

that system also has obvious difficulties outside the verificatime (Fig.9): Strategy 4 improves the limited area forecasts
tion domain, near the northern and western boundaries of thaiithin the verification region and outside the verification re-
limited area domain. This result suggests that while propa-gion near the western boundary of the limited area domain,
gating the background covariance information with the lim- but it degrades the forecasts north of the verification region
ited area model is beneficial in general, propagating the co{panel a, b, and c). This result indicates, that while Strategy 4
variance through the boundaries can be problematic even ihas the potential, in general, to improve the limited area fore-
the perfect model scenario. casts, in regions where the limited area domain captures only
a part of an important large scale forecast feature, feeding
back information from the limited area system can have neg-
ative effects. The right hand side panels of Fdpanels d,
Area averaged errors are not shown for Strategy 4, becausg and f), which show the effect of the feedback on the global
we do not find statistically significant differences between analysis in the limited area domain, indicate a dominantly

Strategies 3 and 4 for these statistics. (We tested the statisregative effect on the global forecasts of the feedback on the
tical significance of the difference between the errors for theg|obal forecast.

two strategies by the procedure describe8anyogh et aJ.
2008) We show results, however, for the 48-h forecast lead

4.2 The comparison of Strategies 3 and 4
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Fig. 9. The difference between the root-mean square errors of the 48-h forecasts started from the analyses obtained by Strategy 4 anc

Strategy 3. Results are shown for the limited area geopotential height forecasts at the g@0driRhthe 500 hP#&b), and the limited
area temperature forecasts at 850 hPa (pandor the global geopotential height forecasts at 300 (djaand 500 hP#e) and the global

temperature forecast at 850 h{Pa Strategy 4 provides more accurate forecasts where the shades indicate positive values. Contour show the

time mean of the true geopotential height at the given level.

4.3 Spectral analysis perturbation component of the forecast for the three strate-
gies. Results are not shown for Strategy 4, because in that
case the difference between errors in the large scale forecasts

Figure 10 shows the spectral distribution of the error in the 55 contributes to the difference between the errors for Strat-
zonal wind forecasts for strategiegland 3 at both the 12-h egy 4 and not for the other strategies.

and the 48-h forecast times. This figure is produced the same

way as Fig.4, except that the Fourier transform is applied The most striking feature of Fig.0is the large advantage

to the errors in the high-resolution wind forecast perturba-of the system that cycles the limited area analysis (Strategy 3)
tion. Since global component of the forecast is the same fomt 12-h forecast time in the wave number range 10-40. This
all three strategies, this figure illustrates the difference be+esult indicates that the LETKF coupled with the RSM can
tween the spectral distribution of the error in the limited areamore skillfully predict the covariance in the wave number
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range 10-40 when the analysis is cycled. At 12-h forecas /
time, the difference between the performance of the differen
configurations of the system is small at the longest resolvec£
scales (wave numbers larger than 10) and at the shortest ri
solved scales (wave numbers larger than 60). There is norec.. sy
difference at 48-h between the performance of the three con- ! J
1000 1000

figurations, with the exception of a slight advantage of the » 0 i 0
cycled system (Strategy 3).

hPa
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600

800

N

Fig. 11. Vertical profile of the root-mean-square forecast error in
the limited area domain at 12{a) and 48-h(b) forecast time for

5 Results with observations of the real atmosphere the global forecast (red solid) and for the limited area forecasts with
coupling strategies 1 (orange dashes and dots), 2 (blue dashes) and
5.1 Comparison of Strategies 1, 2, and 3 3 (green dots) assimilating observations of the real atmosphere.

Verification results for our analysis-forecast experiments us-

ing observations of the real atmosphere are shown inlAig. play a more important role in the limited area model than
Overall, the limited area systems perform slightly better thanin the global model either because of the the lack of initial-
the global system at 12-h forecast time, while the global sys4zation or because of a less careful tuning of the mountain
tem performs better than the limited area systems at 48-lfirag parametrization for the higher resolution orography of
forecast time. The difference between the performance of théhe RSM. A further investigation of this issue is beyond the
limited area systems and the global system is larger for thescope of the present paper.

two components of the wind than for the temperature. In par- Similar to the results for the perfect model scenario, there
ticular, the clear advantage of the limited area systems for thés not much difference between the systems based on the dif-
zonal component of the wind below the 300 hPa level at 12-hferent coupling strategies at 48-h lead time. However, the
lead time turns into a clear disadvantage by the 48-h forecagpicture is very different from what we observed for the per-
time. Another interesting feature of the verification results fect model scenario at 12-h forecast time: Strategy 3, which
for the two components of the wind is the big advantage ofperformed the best under the perfect model scenario, per-
the global system in the upper troposphere (above 300 hPajprms the worst in the realistic case, while Strategy 2 main-
most of which disappears by the 48-h forecast time. Oneains its slight advantage over Strategy 1. This suggest that
possible explanation is that the poorer performance of thehe RSM at the tested resolution is not a sufficiently better
limited area systems at 12-h forecast time may be due to vermodel than the GFS in the limited area to compensate for the
tically propagating spurious gravity waves. Such waves mayproblems that arise at the boundaries in Strategy 3.
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(@) (b) differences in the errors are not due to consistent differences
Temperature 121 Temperature 48 at the different verification times. Instead, they are the net re-
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/ - sign.
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Interestingly, at 12-h forecast time, the feedback has a
i much larger effect on the performance of the global fore-
i cast than on the performance of the limited area forecast.
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is clearly degraded by the feedback above 300 hPa and be-
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200 \"\\ 200 “\K\‘ troposphere (below 500 hPa). At 48-h lead time, the best of
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ol g 40 A back. The only parameters for which this system is not the
L £ / best is for the meridional component of the wind in the jet
‘ layer (around 300 hPa), where the limited area system with
] /] w0l feedback is the best; and for the zonal component of the wind
e 5 at the bottom of the atmosphere, where the two systems with
a00 L4 1000 1L feedback are the best. Also, at 48-h lead time the differences
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are larger between the performance of the two limited area

Merldional Wind 12 Medlonal Wind 48 systems. In particular, the system with feedback performs
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200 200 s g better for the meridional wind component in the jet layer and
P for the zonal wind below 800 hPa, and it performs worse for
oy e y the temperature and the zonal component of the wind at the
g i g / bottom of the atmosphere.
600 i 600 //
i i
o0 , 1 6 Conclusions
1000 v 1000+ - . . .
s 10 s 10 This paper documents our first attempt at exploring the po-

tential benefits of coupling the global and limited area en-
Fig. 12. Results for experiments assimilating observations of thesemble Kalman Filter data assimilations. To the best of our
real atmosphere. Vertical profile of the root-mean-square forecasknowledge, ours is the first study that considers a feedback
error in the limited area domain at 12¢a) and 48-h(b) forecast  from the limited area data assimilation process to the global
time for the global forecast (req golid), the global forecast with y5cess. We carried out analysis—forecast experiments un-
Strategy 4 (cyan dashes), the limited area forecast for Strategy §ior 4 perfect model scenario, where the limited area model
(green dots), and the limited area forecast Strategy 4 (purple da\sh%as considered to be perfect in the limited area domain and
and dots). the global model errors is considered to be perfect elsewhere.
Since the perfect model experiments have limited value when
designing practical data assimilation systems, we also car-
ried out experiments in a more realistic setting, assimilating
. . ..observations of the real atmosphere. Due to the low spatial
The comparison of the performance of strategies 3 and 4WIﬂ}esolution of our models and tr?e lack of assimilation ofthe

real observations is shown in Fig2. In these figures, we satellite data, our conclusions are not applicable directly to

show the impact of the feedback on both the limited are . .
and global forecasts (the two curves without feedback araethe operational systems. Instead, they should be viewed as

I . Mmotivation for continued research on the coupling of global
the same as in Figl2). We note that some caution should _and limited area data assimilation.

be _exercised wh_en interpreting the results shown in Fhis PN 5ur most important findings for the perfect model scenario
of figures: the difference between the errors shown in thes%re the following:

figures are statistically not significant when tested using the
approach ofSzunyogh et al(2008. That test compares the — In the limited area domain, the limited area systems
time (sample) mean of the instantaneous differences between based on the different coupling strategies perform bet-
the root-mean-square-errors for variance of the two configu-  ter than the global system. The advantage of the limited
rations at the different verification times to the variance of area systems is much larger at 12-h lead time than at
the same differences. The failure of the test indicates thatthe = 48-h lead time.

5.2 Comparison of the Strategy 3 and 4
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— Preparing a limited area analysis with a cycled limited Strategy 4 is one particular way to interpolate the high res-
area system enhances the performance of the limite@lution analysis onto the grid of the lower resolution global
area forecast system. The main benefit of cycling themodel. This approach takes advantage of the close relation-
limited area analysis is it provides better 12-h lead timeship between the high resolution limited area model fields
forecasts at the synoptic and sub-synoptic scales (globahnd the low resolution global fields in the NCEP RSM. We
wave number 10-40). A single analysis cycle does notare currently in the process of developing a more general
provide sufficient time to achieve a similar effect. coupling strategy that would work well when the limited area

model and the global model are less closely related. We will
Our additional findings from our tests using real atmosphericreport on this effort in a future paper.
data are the following:
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