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ABSTRACT

Data assimilation experiments are performed using an ensemble Kalman filter (EnKF) implemented for atwo-
layer spectral shallow water model at triangular truncation T100 representing an abstract planet covered by a
strongly stratified fluid. Advantage is taken of the inherent parallelism in the EnKF by running each ensemble
member on a different processor of a parallel computer. The Kalman filter update step is parallelized by letting
each processor handle the observations from a limited region.

The agorithm is applied to the assimilation of synthetic altimetry data in the context of an imperfect model
and known representation-error statistics. The effect of finite ensemble size on the residual errorsis investigated
and the error estimates obtained with the EnKF are compared to the actual errors.

1. Introduction and motivation

The Kalman filter (Kalman and Bucy 1961) is the
statistically optimal sequential-estimation procedure for
linear dynamical systems. In a Kalman filter, observa-
tions are fed to a numerica model with weights that
minimize error variance. The information content of ob-
servations is advected from data-rich areas to data-poor
areas with the help of an optimally estimated error-co-
variance matrix. Thelatter ispropagated in timetogether
with the model flow. This provides a major advantage
over data asimilation schemes such as optimal inter-
polation in which the error-covariance distribution is
assumed known a priori. However, time stepping the
model-error covariance matrix requires two matrix mul-
tiplications of order n, where n is the number of model
prognostic variables. This cost is prohibitive for even a
simple numerical model with no more than O(104) var-
iables. Therefore, reduced-phase-space Kalman filters
(e.g., Cane et a. 1996) have been proposed. The en-
semble Kalman filter (EnKF), introduced by Evensen
(1994), is another alternative to the traditional Kalman
filter in which the error covariances are estimated at a
cost directly proportional to that of the forward model.

The traditional Kalman filter integrates an approxi-
mate equation (exact only in the case of linear systems)
for the error-covariance matrix where all third- and high-
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er-order statistical moments are neglected. This closure
approximation has been shown not to be sufficient under
all circumstances for strongly nonlinear dynamics (e.g.,
Evensen 1992; Miller et al. 1994). The EnKF avoids
this problem by integrating an ensemble of model tra-
jectories from which error-covariance estimates (and
thus the gain matrix) can be calculated. This can be
understood as an ad hoc method to integrate the Fokker—
Planck or Kolmogorov—Chapman equation, which de-
scribes completely the evolution of error statistics by
using sample trajectories rather than a closure approx-
imation or linearization.

The EnKF has been implemented by Evensen (1994),
Evensen and van Leeuwen (1996), and Houtekamer and
Mitchell (1998) for quasigeostrophic models with rel-
atively few state-vector variables. This paper is meant
as a first step from these implementations toward ap-
plications involving high-resolution general circulation
models (GCMs) with several-million state variables. It
is concerned with the assimilation of synthetic altimetry
data into a two-layer spectral shallow water model at
triangular truncation T100, with about 120 000 spectral
coefficients and 270 000 gridpoint variables. The data
come from an integration of the same model at the same
resolution but with a different layer configuration. The
model imperfections are taken into account by intro-
ducing a stochastic forcing term with the same mean
and variance as the known process noise. For linear
systems, the EnKF is equivalent to the traditional Kal-
man filter in the limit of infinitely large ensembles. The
effect of ensemble size on the filter's performance is
examined in this paper.
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A description of the parallel EnKF algorithm and
model is given in section 2. The data assimilation ex-
periments are discussed in section 3, where the errors
predicted by the EnKF in the case of relatively few
ensemble members are compared to the true errors. Sec-
tion 4 contains the conclusions.

2. Methodology
a. The ensemble Kalman filter

The EnKF is discussed in detail in Evensen and van
Leeuwen (1996) and in Houtekamer and Mitchell
(1998). The presentation that follows focuses on the
details of its implementation that differ from the work
of Evensen and van Leeuwen.

To best understand how the algorithm works, it is
convenient to rewrite the traditional update equation of
the Kalman filter (e.g., Bierman 1977),

x2 = xf + PHT(HPH™ + R)"%(z — HXx), D
as (Evensen and van Leeuwen 1996)
x2 = x' + B'h, B = HPT, 2

where xf and x2 correspond to the forecast and analysis,
and the superscript ( - )T stands for matrix transposition.
Using n and n,, to denote state-vector size and the
number of observations processed during one assimi-
lation cycle, x (n X 1) is the state vector of a given
ensemble member, P (n X n) is the model-error co-
variance matrix, R (n,,s X Ng) IS the error-covariance
matrix for the observations, and H (n,, X n) is the
measurement matrix that relates the data linearly to the
model state. The rows of matrix B (n, X n) are the
representer vectors and HPHT is known as the repre-
senter matrix. Vector b (n,,, X 1) contains the ampli-
tudes of the representers and z (n,,, X 1) contains the
observations. Following Burgers et a. (1998), the data
are treated as random variables and z is replaced by y
= z + ¢ where ¢ is normally distributed and has the
same mean (0) and variance as the observational errors.

To calculate b, the following linear system is solved
for each ensemble member in turn:

(HPH™ + R)b = y — HXx". (3

In the case of ocean or atmospheric GCMs, N> n,,,
and P is too large to be contained in computer memory.
However, P is never explicitly formed. Instead, we start
by computing the n ,; X mmatrix Q = H(X — X) where
the columns of X (n X m) each contain the state of one
ensemble member and X (n X 1) is the ensemble mean,
which is subtracted from every column of X in forming
Q. The calculation of H is unnecessary in most cases.
Rather, Q can be calculated by taking the difference
between every state vector and the mean state vector
after interpolation to the location of each observation.
A matrix multiplication is thereby avoided.

Once Q has been computed, the representer matrix is
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calculated with the only matrix multiplication in the
algorithm asHPH™ = QQT/(m — 1) and the linear equa-
tion (3) is solved m times, each time with the x' cor-
responding to a different ensemble member in the right-
hand side. Precautions must be taken when m < n
and W = HPH™ + R is rank deficient. We have used
two different solvers for (3), usually with very similar
results. The first and fastest solver is a form of incom-
plete Cholesky decomposition in which rows of the sys-
tem matrix, W, on which the algorithm encounters a
negative diagonal element are essentially zeroed out.
However, this solver gives improper results when W is
too ill-conditioned. The second and more robust solver
(LAPACK’s SGELSS) relies on singular value decom-
position to throw away the singular vectors of W that
correspond to near-zero singular values. Between 0%
and 5% of the variance of the elements of W has typ-
ically been discarded when using this solver. Our cri-
terion is to retain as many singular vectors as we can
while at the same time making sure that

IH(x2 = x| = [y — Hx, 4

where |v|| is the L, norm, or length, of vector v. After
b has been found one calculates, for each ensemble
member in turn, the m X 1 vector, w = QTb, and then
computes the analysis increment as

X = X)w

B™b =
m-1

xa — xf = , (5)
where X is subtracted from every column of X. The
increment thus combines the columns of X — X linearly

with weights u/(m — 1).

b. Parallelization approach

The EnKF's error-covariance-forecasting step can be
parallelized in the most straightforward manner by run-
ning each ensemble member on a separate processor of
a parallel computer, provided there is enough memory
for this operation (Fig. 1a). This approach is most suit-
able when dealing with a serial model designed, for
instance, to run on a traditional vector supercomputer.
However, the analysis involves the entire state vector
of every ensemble member. Thus, without some sort of
domain decomposition for the analysis, one runs into
difficulties on a typical parallel computer with distrib-
uted-memory architecture, where no processor has
enough memory to contain the entire ensemble. There-
fore, if each model copy resides on adifferent processor,
the ensemble matrix, X, which is distributed one column
per processor during the forecast step, must be trans-
posed on the processor lattice so that each processor
ends up with a piece of the state vector of every en-
semble member (Fig. 1b). The analysis can then proceed
regionally on each processor. A second transposition
must take place to return to the configuration of Fig.
1a, where the regional analysisincrements computed on
every processor are assembled into global increments.
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a)

b)

Fic. 1. (@) Domain decomposition used to propagate the ensemble.
Each shade of gray represents the state vector of a different ensemble
member. Each numbered square represents a processor. The ensemble
members (six in this example) are distributed one per processor. (b)
Domain decomposition used for the analysis. The memory of each
processor contains the same state-vector elements from every ensem-
ble member.

Another argument for doing the analysis on aregional
basisis given by Houtekamer and Mitchell (1998). They
find that, unless very large ensembles are used, it is best
to do the analysis regionally and introduce a cutoff ra-
dius beyond which covariances are ignored. Their Fig.
5 showslittle improvement in performance for ensemble
sizes of about 100 when the cutoff radius increases be-
yond 20 degrees. The domain decomposition used here
for the analysis essentially achieves the same result.

Since interprocessor communications are generally
expensive, it is preferable to avoid transposing X twice
by using a domain decomposition such as that of Figure
1b to (&) run the model and (b) perform the analysis.
In this case, each processor must evolve the state-vector
elements of every ensemble member that correspond to
the area of Fig. 1b for which that processor does the
analysis. However, this requires using a prealably dis-
tributed model and thus could only be applied to most
GCMs presently in use after a major model paralleli-
zation effort.

Although the model used in this study does not have
the complexity of atypical GCM, it relies on the spectral
transform method (Orzsag 1970) to switch between the
spectral and gridpoint representations of the state vector.
Fast Fourier transforms (FFTs) and L egendre transforms
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(LTs) are used to thisend. Thus, to efficiently parallelize
this kind of spectral model, parallel FFTs and LTs are
required. Although the former are now available on most
parallel architectures, the latter are not. The domain de-
composition of Fig. 1la is thus used to evolve the en-
semble and that of Fig. 1b for the analysis. A CRAY
T3E with 128 MB (32 million 4-byte words) of memory
per processor is used. This is amply sufficient to run
each model copy on a separate processor.

The algorithm is written in C++ and relies on the
Message Passing Interface (MPI; Message Passing In-
terface Forum 1994) for the communications between
processors. Prior to the analysis, each processor gathers
from every other processor the state-vector elements it
requires with a cal to MPI_Gather(). Each processor
then processes with (1)—(3) the observations that are
local to it in the decomposition of Fig. 1b resulting in
a set of w coefficient vectors, one for each ensemble
member. Each processor then sends to every other pro-
cessor the w that corresponds to the ensemble member
that resides in the memory of that processor in the de-
composition of Fig. 1a, using a call to MPI_Scatter().
Following this, each processor combines the coefficient
vectors it has received from the other processors. In
doing so, the influence from nearby processors is
weighted more heavily than that from processorsfarther

away:
,Z YiiWij
W, = =, 6
oK ®)
j

Vi = exp{—%[(ei —-60)2+ A — /\j)2]”2}. @)

In (6), w; is the coefficient vector calculated by pro-
cessor j for the ensemble member that resides in the
memory of processor i, and ; is the corresponding
weight that is inversely proportional to the distance be-
tween (6;, A;) and (6;, A;), the central points of the re-
gions of processorsi and j in the decomposition of Fig.
1b. The parameter d isthe side of each region in radians
and w; is the final coefficient vector on processor i. The
analysis increment for the ith ensemble member is then
obtained using (5) with w replaced by w;.

c. The model

The model is adapted from the one used by Keppenne
et al. (2000) to investigate orographicaly forced intra-
seasonal atmospheric oscillations. It represents an ab-
stract planet covered by a stratified fluid interacting with
a fluid bottom topography representative of a deep is-
entropic layer in steady-state motion. In this sense, the
system bears some resemblance with the atmospheres
of Jovian planets.

A similar model is derived and discussed in detail by
Haltiner and Williams (1980, pp. 54-59). It is described
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by the following dimensionless system of prognostic
equations:

ad
SV V= VUV -V + D] - 75,08 - VY

+ (=) (V - V), ©)

d
—V . Vy,

o K-V X [U(V-Vi + )] — 78,U,V-Vy,

+ (=) y(V - V)

uj -y
_V'VT+¢2+aj¢1+Bj¢bv )

_d)j

b= =V () — BV Vy,

— &V V(¢ — oF). (10)

In (8)—(10) the subscript j takes the values 1 and 2 for
the upper and lower layers, respectively. Equations (8)
and (9) are the vorticity-divergence form of the mo-
mentum equation and (10) is the mass-conservation
equation. For each value of j, (A, 6, 1), x(A, 6, 1), and
¢ (A, 6, t) are the corresponding layer’s streamfunction,
velocity potential and the deviation of the geopotential
height from its global average, ®;. Here, A islongitude,
0 latitude and t time. Time is rendered dimensionless
by measuring it in units equal to the planetary rotation
period, 27/Q), while the dimensional length unit is the
planetary radius. The horizontal fluid velocity in each
layer is u;(A, 6, t). The Coriolis parameter is f = 20)
sind, T isadrag coefficient, « istheratio of each layer's
density to that of the lower layer (o, = p,/p,, @, = 1),
and B isthe ratio of layer density to that of the bottom
topography (B, = pi/py, B> = p.lpy). The latter is0Oin
the case of a solid topography and in J0-1[ when the
bottom topography is fluid. The parameter, v, is a dif-
fusion coefficient, U the layer’s root-mean-square (rms)
zonal kinetic energy per unit mass, ¢, is topographic
height, V - is the horizontal divergence operator, VX is
the horizontal curl operator, and V -V the horizontal
Laplacian operator. The forcing field is idealized and
depends only on latitude. Hence, the relaxation term,
eV -V(¢; — ¢F), is applied exclusively to the zonally
symmetric component of each layer’s geopotential field.

The system (8)—(10) is expanded in terms of spherical
harmonics (e.g., Hochstadt 1971) at triangular trunca-
tion T100, using an associated Gaussian grid with 150
latitudes and 300 meridians. As mentioned in the pre-
ceding section, the transform method (Orzsag 1970;
Bourke 1972) is used to iterate back and forth between
the spectral and gridpoint representations of model var-
iables. The spectral representation of (8)—(10) is inte-
grated with a semi-implicit leapfrog scheme with time
step equal to 0.05 in dimensionless units, that is, 1/20th
of the planetary rotation period. An Asselin (1972) filter
with coefficient 0.025 is applied to damp the spectrum
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of internal and external gravity waves. The first time
step after each analysis is a modified Euler backward
step (Kurihara 1965).

As dluded to in the introduction, the version of the
model used to generate the observations (hereafter con-
trol model) differs from the version into which the data
are assimilated (hereafter analysis model). In the control
model, o, = 0.9, B, = 0.81, and B8, = 0.9. Intheanalysis
model, a, = 0.5, B, = 0.25, and B, = 0.5. The analysis
model’s layer configuration is consequently more stable
(baroclinically) than that of the control model. Figures
2 and 3 illustrate the differences between the two mod-
els.

Figure 2 shows time series of spatial-mean angular
momentum (AM: u cosé) in the upper and lower layers
of the control (panels a and b) and analysis (panels ¢
and d) models. It illustrates that the control model’'s
variability on the short timescales that are of concern
hereissignificantly higher than that of the analysis mod-
el. Indeed, the ratio of the standard deviation of the
signal of Fig. 1c to that of Fig. 1ais 0.67. The corre-
sponding ratio for the signals of Figs. 1d and 1b is 0.64.

Figure 3 shows maximum entropy method (Burg
1967) AM power spectrain both layers of both models.
Fifty poles in the complex plane are used to compute
the spectra. The AM spectra for both layers of the con-
trol model are dominated by one peak near 85 days and
two smaller peaks near 35 and 60 days. For the analysis
model, a peak near 55 days dominates the AM power
spectra of both layers. Although the spectral features
become less pronounced when less than 20 poles are
used and new spurious peaks appear with more than 100
poles, these spectra are quite robust with respect to var-
iations in the number of poles between these two limits.
In each panel of Fig. 3, the dashed and solid lines cor-
respond to the spectra of the first and seconds halves
of a 1000-day AM time series and illustrate that the
spectra are stationary. Thus, the differences between
Figs. 3a and 3b for the control model and Figs. 3c and
3d for the analysis model are not artifacts caused by the
time series being too short. They are a manifestation of
what is commonly referred to as system noise: errors
and approximations made in formulating the model or
errorsin the specification of the forcing fields. How this
system noise is accounted for in the data assimilation
experiments is discussed in the next section.

d. The data assimilation experiments

The observations are gridded total-height [, (A, 6, 1)
+ ¢ ,(A, 60, 1)] fields sampled daily at every 16th grid
point during the last 30 days of a 1000-day integration
of the control model, for atotal of 2775 measurements
for each assimilation cycle. At T100 resolution, the
Gaussian latitudes are approximately evenly spaced.
Therefore, the data locations resemble a typical finite-
difference grid with even meridional and longitudinal
spacings. To simulate the uncertainty of meteorological
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a) upper-layer AAM: control run model
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FiG. 2. Time series of horizontal-mean angular momentum in the upper and lower layers of the
(@), (b) control and (c), (d) analysis models. Dimensionless units are used.

and oceanographic observations, white noise with a
standard deviation equal to the horizontal-mean stan-
dard deviation of the control model’s total height field
is added to the observations.

The initial ensemble configuration before any data
are assimilated is such that the ensemble mean is close
to the analysis model’s climatology. To arrive at this
configuration, the ensemble is integrated for a suffi-
ciently long time, with a stochastic forcing term rep-
resenting the process noise added to the right-hand sides
of (8)—(10), for the state vectors of all ensemble mem-
bers to become uncorrelated.

The term representing the process noise is obtained
as follows. Let the control and analysis models be, re-
spectively, represented by

dx
5 - X1 and (11)
d
d_)t( = fa[x(t)] = f[x(t)] — O), 12

where O(t) isthe process noise. Since the truth (control)
is known, the first- and second-order moments of @ can
be obtained by computing a large number, |, of reali-
zations of f°(x,) and fa(x,), for given x,, and calculating
the mean, ®, and variance, o3, of the set {fe(x,) —
fa(x,), k = 1, ..., I}. White noise with mean ® and
variance ¢ 3 is then included in the calculation of the
time derivatives for every ensemble member. To ensure
that the resulting forcing fields are horizontally contin-
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b) control run: lower-layer AAM
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Fic. 3. Maximum entropy power spectra of horizontal-mean angular momentum in the upper and lower layers of the
(@), (b) control and (c), (d) analysis models. In each panel, the solid and dashed lines correspond to the first and second
halves of a 1000-day time series. The frequency axes are labeled in units of cycles per day.

uous, the process noise term is applied to the spectral,
spherical harmonic representation of (8)—(10), rather
than in gridpoint space.

Figure 4 shows how the standard deviation of O, o,
compares to that of f¢, o.. The solid line in each panel
showsthe meridional distribution of o, for agiven mod-
el field. The dashed line corresponds to o, for the same
field. The standard deviations shown are rms deviations
averaged over time and and longitude.

Each analysis cycle proceeds as follows. The ensem-
ble is integrated for one day from its configuration,
Xa(t;_,), after the previous analysis at timet;_,, to yield
a new ensemble configuration, X'(t;), and the obser-
vations are processed as discussed in the preceeding
sections to arrive at X,(t;). The mean ensemble state
vector at this point in time, X2(t;), estimates the true
state at time t;. The rms spread between ensemble mem-
bers etimates the rms error. The new configuration,
Xa(t;), is the starting point for the next analysis cycle.

The ensemble size is varied between 20 and 140, in
increments of 20, and the forecast and analysis errors
are compared to the errors from aclimatol ogical forecast
made with the climatology of the control model. Since

the control and analysis models have differing dynamics
(Figs. 2-4), the control model’s climatology is a more
rigorous benchmark to evaluate the performance of the
algorithm against than the mean of a no-assimilation
ensemble forecast with the analysis model.

With 2775 observations per assimilation cycle, the
algorithm becomes unnecessarily expensive with larger
ensembles than are considered here, as the local W ma-
trix on each processor becomes so small that most of
the time is spent communicating between processors
rather than calculating analysisincrements. Fortunately,
about 100 ensemble members are enough for the anal-
ysis errors to converge, as will be seen in the next sec-
tion.

3. Results

Figure 5 corresponds to the experiment with 100 en-
semble members. It shows the total-height observations
30 days into the experiment, that is, at the time of the
last analysis (Fig. 5a). Also shown is the true total-
height field from the control model at 30 days (Fig. 5b)
and the true height of the layer interface (Fig. 5¢). The
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Fic. 4. Meridional distribution of o;_(solid) and o, (dashed) for (a) the total height, (b) the upper-layer vorticity,
(c) the upper-layer divergence, (d) the layer-interface height, (€) the lower-layer vorticity, and (f) the lower-layer

divergence. Dimensionless units are used.

total-height and layer-interface-height forecasts are
shown in Figs. 5d and 5e, respectively. The correspond-
ing analyses are shown in Figs. 5f and 5g. Careful ex-
amination of Figs. 5b, 5d, and 5f confirms that although
the total-height forecast already reproduces many fea-
tures of the true total height, the analysis improves fur-
ther on the forecast estimate. Indeed, the correlation
coefficient between the true total height and the total-
height forecast is 0.81. The correlation between the true
total height and the total-height analysis is 0.97. The
correlations between the true layer-interface height of
Fig. 1c and the corresponding forecast in Fig. 5eis0.76.
Between the true layer-interface height and the corre-
sponding analysis shown in Fig. 5g, the correlation is
0.89. Naturally, the correspondence between the control
and analysis is not as high for the vorticity and diver-
gence fields (not shown), since only total-height obser-
vations are being assimilated.

The evolution of rms errors over the course of the
experiment with 100 ensemble members is shown in
Fig. 6. In each panel, the solid line corresponds to the
true rms forecast error for a given field. The dotted line
shows the EnKF estimate of the forecast error. The
dashed line is the true analysis error and the dashed—

dotted line is the analysis-error estimate. The true rms
error, o, is the rms difference between the ensemble
mean and the truth from the control model, that is, o?
= 3p, (€, — &)?)/(n, — 1), where & is the ensemble
mean for field &, &' is the corresponding field from the
true state, and the sum runs over all n, grid points. The
estimated rms errror, o, isthe horizontal average of the
rms spread between ensemble members, o, = X9,
[2m (& — &)?/(m — 1)]¥2In,, where subscripts k and
| refer to the kth grid point and Ith ensemble member.

The true rms forecast errors for the total height are
about 50% of the corresponding climatological-forecast
errors during the entire experiment (Fig. 6a). The es-
timated forecast errors are very closeto the true forecast
errors. The true total-height analysis errors are about
20% of the climatological-forecast errorsfor the 30 days
of the experiment. The EnKF overestimates them some-
what: the estimated analysis errors are about 30% of the
climatological-forecast errors. The interface-height er-
rors behave like the total-height errors but the true anal -
ysis errors for this field stay at about 40% of the cli-
matol ogical-forecast reference errors (Fig. 6d). They are
slightly underestimated by the EnKF. However, the es-
timated interface-height forecast errors are very close
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a) observations (L%/T?) T = 30

b) true total height (L2/T2) T=30

S0BOW5,  98W 150 O5W6 25090500 356

¢) true interface height (L%/T%) T = 30

Fic. 5. () Gridded total-height observations at day 30 of the experiments. (b) True total-height field from the control model. (c) True
layer-interface-height field. (d) Total-height forecast with 100 ensemble members. (€) Layer-interface-height forecast. (f) Total-height analysis.
(g) Layer-interface-height analysis. Dimensionless units are used in each panel.

to the true forecast errors. The forecast errors for the
upper- and lower-layer vorticity are also well estimated
by the EnKF (Figs. 6b and 6€). The analysis errors for
the upper-layer vorticity are dlightly underestimated.
The underestimation is more severe for the lower-layer-
vorticity analysis errors. The error estimates are very
poor for the upper- and lower-layer divergence fields.
There is no skill at all for these fields and the true
forecast and analysis errors are comparable to the cli-
matol ogical-forecast errors (Figs. 6¢ and 6f). The EnKF
grossly understimates them.

The effect of ensemble size on the rmserrorsisshown
in Fig. 7. The errors shown here are time averages over
the length of the experiments. The true forecast errors
for the total height and layer-interface height reach a
near-asymptotic state with about 100 ensemble members
(Figs. 7aand 7d). The corresponding true analysiserrors
do not decrease much when the ensemble size is in-
creased beyond 100. The forecast-error estimates for

these two fields are very good (within a few percent)
for the larger ensemble sizes. The analysis-error esti-
mates are not as accurate. With 100 ensemble members,
the ratio of estimated-to-true analysis error is 1.12 for
the total height and 0.92 for the layer-interface height.
The forecast errors for the upper- and lower-layer vor-
ticity also reach a nearly asymptotic state but the anal-
ysis errors do not (Figs. 7b and 7e). The forecast-error
estimates are also within afew percent for large ensem-
bles. The analysis-error estimates are better for the up-
per-layer vorticity than for the lower-layer vorticity.
With 100 ensemble members, the upper-layer-vorticity
analysis-error estimate is 91% of the true analysis error.
For the lower-layer vorticity it is 74% of the true anal-
ysis error. As already seen in Fig. 6, the true errors for
the divergence fields are no better then the correspond-
ing climatological-forecast errors, regardless of how
many ensemble members there are (Figs. 7c and 7f). In
fact, the error estimates for the divergence become
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experiment with 100 ensemble members. The errors are expressed in units of the error of a climatological forecast
made with the climatology of the control model. The solid line in each panel corresponds to the true forecast error,
the dotted line to the forecast-error estimate, the dashed line to the true analysis error, and the dashed—dotted line to

1979

the analysis-error estimate.

worse when the ensemble size increases. This is espe-
cialy truefor the forecast-error estimates. Thisbehavior
of the divergence-error estimatesislikely dueto the fact
that the rms spread between ensemble members for the
divergence fields is proportional to the rms spread for
the other fields. Therefore, as the total-height and vor-
ticity error estimates decrease with increasing ensemble
sizes, so do the estimated divergence errors.

4. Conclusions and future directions

This work demonstrates that the EnKF can be effi-
ciently implemented on a massively parallel computer
with aminimal level of interprocessor communications.
In this study, a serial model is used and each ensemble
member is time stepped on a separate processor. To
permit the analysis to also occur in parallel, a costly
transposition of the ensemble matrix takes place so that
each processor can process the observations that are
local to theregion for which itisresponsible. Thistrans-
position can be avoided if the model dealt with is de-

signed to run on a parallel computer architecture. This
suggests that the EnKF could become a method of
choice to assimilate observations into next-generation
ocean and atmospheric GCMs running on distributed-
memory computer architectures. The EnKF has the fur-
ther advantage of providing time-dependent error-co-
variance estimates without the need for backward in-
tegrations of an adjoint model, as in the representer
method (Bennett 1992).

The results of this study are encouraging. They in-
dicate that moderate-size ensembles can be used with
success to assimilate noisy observations into baroclinic
primitive equation modelsin the context of an imperfect
model. Although only total-height measurements are
processed, their assimilation has a positive impact on
the total and layer-interface heights and on the upper-
and lower-layer-vorticity estimates. Th EnKF a so does
a reasonable job in estimating the error amplitude for
these four fields. The assimilation of total height has no
detectable impact on the divergence-field estimates.
Thisis not surprising since quasigeostrophic theory tells
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us to expect zero covariances between the total-height
and divergence fields. However, the error estimates for
the upper- and lower-layer divergence are aso very
poor. This shortcoming is not due to the relatively small
ensemble sizes considered here, sincethe error estimates
become worse when more ensemble members are used.
It indicates that the analysis scheme could still be im-
proved. Perhaps, an approach similar to the one used in
Houtekamer and Mitchell (1998), where the ensemble
is divided into two parts and the covariances from each
part are used to update the other part, could lead to
better divergence-error estimates.

One could also argue that the process-noise statistics,
which are known exactly in this study since the obser-
vations are produced by integrating the control model,
are quite difficult to estimate in the real world. Yet, the
present study represents astep in theright direction from
identical-twin studies using a perfect model. We are
currently working on an implementation of the EnKF
for a realistic ocean GCM in which the process noise
ismodeled by using different atmospheric forcing fields

to integrate each ensemble member (Keppenne and Ri-
enecker 1999).
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