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Chapter 6

The Kalman filter

In the last chapter, we saw that in Data Assimilation, we ultimately desire knowledge of the full
a posteriori p.d.f., that is the conditional p.d.f. of the state given the observations. In practice,
it is difficult to determine the complete p.d.f., so we can instead try to estimate some parameter
of the p.d.f. that can serve as a “best” estimate of the state. Various principles lead to various
estimators. The Minimum Variance (MV) estimator is the conditional mean (of the state given the
observations) while the Maximum of the A Posteriori (MAP) p.d.f. leads to the mode of conditional
p.d.f. For our measurement equation, assuming Gaussian background and observation errors allows
us to determine the complete a posteriori p.d.f. Also, the MV and MAP estimators are identical.
The MV estimator leads to the OI equations. The MAP estimator leads to 3DVAR. For linear
observation operators and Gaussian error statistics, 3DVAR and OI are therefore equivalent.

Thus far, we have only considered the spatial estimation problem, that is, when observations
are distributed in space, but at a single point in time. For stationary processes, the mean and
covariance are constant in time so that the data assimilation scheme could be applied at different
times using the same statistics. 3DVAR and OI are both examples of 3D data assimilation schemes.
For the global NWP problem, the errors are assumed stationary over the time scale of 1 month.
However, ultimately, for environmental applications, we must consider nonstationary processes,
because the governing equations are time-varying.

In this chapter, we will extend our analysis of the previous chapter to include the time dimension.
This will enable us to derive the linear Kalman Filter (KF) for discrete time processes. If we are
interested in data assimilation, why do we talk of a “filter”? Historically, in signal processing theory,
the idea was to separate the signal from the noise, based on the the assumption of a frequency gap
or separation between the signal and noise. (In fact, if small overlaps occurred in the frequency
domain, it didn’t matter so long as the noise frequencies are primarily filtered.) For stationary
processes, Wiener developed his filter to extract the signal. The Kalman filter, developed in 1960,
solved the problem in state-space and for time-varying systems.

Before we can define our stochastic-dynamic system describing the signal and measurement
processes, we must first briefly review linear dynamical systems.
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6.1 Linear Dynamical Systems

Consider the linear dynamical system:

%(t) = ‘fl—’; — F(t)x(t) + Lt)u(t) + G()wi(t). (6.1)

Let us consider each of the components of this equation. The state vector, x(t), is composed of
a set of variables which completely describe the unforced motion of the system. In other words,
given the state vector at a point in time, and the forcing and the controlling inputs from that time
forward, the state at any other time can be computed. For a given physical system, the state vector
is not unique. i.e. If x(¢) is a state vector, so too is x'(t) = A(t)x(t). F represents the dynamics
of the model. w(t) is the random system or model error and G(t) is the operator which maps this
error into state space. The existence of this term is a recognition of the fact that our models are
only approximations to the true (atmospheric) dynamics. Thus, even if we knew the truth (on our
model basis), a forecast from this truth using our imperfect model would ultimately diverge from
reality. Finally, u(t) are the inputs to the system (sources) and L is the operator mapping the
inputs to state space. For example, if our system was a chemical-transport process, u(t) would be
the emissions of pollutants into the atmosphere. If emissions are occurring at only some spatial
locations, then L is an interpolation operator from emission space to state space.

6.1.1 Stability of the model

Consider the unforced system
x =Fx (6.2)

This system can be written in difference form:

Xk+1 = (,bk,xk. (63)
Recursive substitution for time-invariant ¢ yields:
Xk+1 = ¢k+1X0. (64)

Thus the state remains bounded only if |¢| < 1. The model dynamics are stable if eigenvalues of
¢ are less than or equal to 1.
6.1.2 Transition matrix

Let us ignore model error for the moment. The solution to the system, (6.1), can be written in
terms of its trajectory in state space as

é(t;u(r), %0, t0)- (6.5)
If there are no inputs, the solution is
@(t; %0, t0)- (6.6)
Definition: The transition matriz ¢(t,tg) is the n X n matrix such that
x(t) = @(t; %0, to) = &(¢, to)xo. (6.7)
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Substituting (6.7) into
x = F(t)x (6.8)

yields

®(t,to) = F(t)o(t, t0) (6.9)

with initial condition ¢(tg,tp) = I. For a time-invariant system,

o(t,t0) = P(t —to)

and (6.9) becomes

@t —to) = Fo(t — to) (6.10)

or
B(t — tg) = eFlt7t0),

There is NO general solution for the transition matrix of time-varying linear systems.
For a discrete-time system with no stochastic error, we can write our system as

Xpr1 = QpXk + Apuy (6.11)
where x; = x(tx), Ar = L(t;) and the transition matrix takes the state from time ¢ to time tj1:
¢, = (k. k+1).

Properties of the transition matrix

Property Continuous time Discrete time

(1) Transition: | @(ta,to) = @(ta,t1)d(t1,t0) | Gk, m) = ¢d(k,1)d(l,m)
(2) Tnversion: | @(to, t1) = ¢~ (¢4, to) $(m. k) = ¢~ (k, m)

(3) Identity: d(to, to) =1 ¢(m,m) =1

Now that we have the homogeneous solution, what is the solution to the system equation with
inputs? i.e.

x(t) = CC%( = F(t)x(t) + L(t)u(t) (6.12)
with x(t9) = x¢. The solution is
x(t) = ¢(t,to)xo + tt o(t, 7)L(7T)u(r)dr. (6.13)

Before checking that this solution satisfies (6.12), recall Leibnitz’ rule:

d B(t) B(t) d dB JA
dt/A(t) f(t,T)dT:/A(t) T (6 m)dr + f(t B1) = — (8 A(F)— (6.14)
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Now substitute (6.13) into the left side of (6.12):

x(t) = o¢(t,to)xo+ tt cﬁ(t, T)L(T)u(r)dr + ¢(t, t)L(t)u(t)
= F(t)op(t, to)xo + tt F(t)p(t,7)L(T)u(r)dr + L(t)u(t)

t
— F(O) [¢lt.toxo+ [ ot L)z + Ll
to
= F(t)x(t) + L(t)u(t) (6.15)
which equals the right side of (6.12). Thus (6.12) is satisfied by (6.13). Similarly, the solution of
(6.1) is

x(t) = ¢(t,to)xo + t o(t, 7)L(T)u(r)dr tt o(t, 7)G(T)w(T)dT. (6.16)

to

For the corresponding discrete-time system,

Xpt1 = GpXp + Agug + Tpwy (6.17)
tr41
Twy = ) O(tps1, 7)G(T)W(T)dT
k
tit1
Ay, = ) ¢(tgs1, T)L(T)u(r)dr (6.18)
k

6.2 Observability and controllability

In this section, we introduce the concepts of observability and controllability. These concepts can
be established for linear models and observation operators. The following discussion will consider
only time-invariant linear models and observation operators for which these concepts are most
easily established and demonstrated. The extension for general linear models is noted in Todling
(1999). Because we cannot determine these principles for general nonlinear models and observation
operators, they are of little relevance for us, in practice. Nevertheless, it is useful to know that these
concepts exist, for simple systems. Furthermore, the concepts of observability and controllability
are needed to establish the conditions for stability of the Kalman filter, in later sections.

6.2.1 Observability

A system is observable if we can determine the sequence of states, xg,x1, ..., X from the sequence
of measurements, z,,z1,...,2;. Consider the case of a linear, time-independent system. For a
perfect model (i.e. no model error):

Xf+1 = PXy, (6.19)

when there are no inputs, uy = 0, and xj is an n-vector. Assume there are r scalar noise-free
observations:

2z = Hxy, k=0,1,2,...,7r—1 (6.20)
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where H is a time-invariant 1 X n matrix. Then,

zZo = HXO
z1 = HX1 = H(,bX()
2o = Hxy = He?x
z. = Hx, = H¢ 'x. (6.21)
If we define
Zo
Z1
y=|2| and Z=[H" ¢"H" (¢")H" (¢")—'H" | (6.22)
Zr
then

y =2"xg
and xg is uniquely determined if ZT is non-singular, or has a rank of r. If we can determine xq
uniquely, then from (6.19), we can determine xj for & = 1,2,...,r. A system is observable at
t1 > to, if x(tg) can be determined by observing z(t), t € [to, t1]. If all states x(t) corresponding to
all z(t) are observable, the system is completely observable.
Example: (Gelb, Ex. 3.5-1, p. 69)
Is the system

I 0 0 O 1 w1 x1
o | =10 0 O To | + | we | ,z=x3 = [ 0 0 1 ] T2 (623)
i3 1 10 z3 | 0 T3
observable? To answer this question, note that
0 00 1 0 | 1 001 1 0
H' = |0|,¢"H =|0 0 1 0|=1|1],0"¢"H" =] 0 0 1 1| =10 [6.24)
1 0 00 1 0 0 00 0
Therefore
010
Z=|010 (6.25)
1 00

and det(Z) = 0. The system is NOT observable. If we measure only the sum of z; and x2, we
cannot determine both x1, and x5 since they are spectrally identical. This is clearer if we write the
system as

T
T2

3

w1
w2

T+ X2
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If instead
1 = z1+w
i’g = w2
T3 = X1+ T2

the system would be observable. Check this yourself.

6.3 Controllability

Controllability is concerned with the effect of inputs upon model states. A discrete time sys-
tem model is completely controllable if for any vectors, xg,xy € R", there exists a sequence
u(0),u(l),...,u(N — 1), which can drive any xo to state xy. Consider a linear time-invariant
system model:

Xpr1 = ¢x + Aug, (626)

where x;, is an n-vector, ¢ is n x n, ug is an m-vector and A is n X m. We can write X in terms
of X0-

Xy = ¢xn-_1+Auy_

olpxn_2 + Aun_2] + Auy_

d*XN_2 + pAuy_2 + Aun_;

d*xn_3+ ¢’ Auy_3+ dAuy_o + Auy_,

= ¢Vxo+ oV Aug + oV 2Au 4+ ...+ Auy_; (6.27)
If we define
O=[A oA A ... VN IA]
U=[uy , uk ., ... uf u " (6.28)
then we can write
xy = ¢Vxo + OU (6.29)

where ® is n X Nm and U is Nm x 1. In order for xy to be completely controllable, all u;,
0 <i< N — 1 must have an impact on xg. Therefore, the n x Nm matrix ® must have rank .
Example: Consider the system:

.’tl o — 0 I 1
[@]_[0 _5H$2 n Ju (6.30)
Find « and (8 such that the system is controllable. Answer:
1 —«a
O=[A ¢A]_[1 —ﬁ] (6.31)
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so that det(®)=—f + a # 0. Thus, the system is controllable if & # (. If o = (3, the two first
order systems are identical and there is no way a single input u could by itself produce different
values for 1 and xo. If we consider instead,

il o —Q 1 I 1
then
_ |1 —a+ec
O=[A d)A]—[c ~Be (6.33)
and det(®)=c(—f + a — ¢) # 0. Thus, this system is controllable when « # 5 + c.
More generally, for linear, discrete-time systems,
Xkl = PGpXp + W,
zr = Hpxp + v (6.34)
is observable if and only if Z(k,0) > 0 where
k
I(k,k—N)= > ¢ H/ R 'H;gp; . (6.35)
i=k—N
This system is completely controllable if and only if C(k,0) > 0 where
k
Clhk=N)= > $i,Q; ¢ (6.36)

i=k—N

Derivation of (6.35) and (6.36) are beyond the scope of this course. Note that observability does
NOT depend on the observations, just on their location and accuracy and the system dynamics.

Suppose we have a linearized, global shallow water model with variables being the normal
modes of the system, i.e. rotational and gravitational modes. If the gravity waves are unobserved,
or poorly observed, Ugrav — 00 S0 Jg}fw — 0. Therefore, R; ! has some 0 eigenvalues and is not
positive definite. Thus the system is not observable because the gravity waves are not observable.
This is the usual case for a global forecast model. The high frequency waves are not observable
because the observation network is too widely spaced.

Similarly, controllability depends only on the model dynamics and model error covariance ma-
trix. If some modes are very inaccurately predicted by the model, these modes cannot be controlled
by specifying inputs.

For nonlinear system models, there is no condition to establish observability or controllability.
Even for linear models, because of model truncation errors and round-off errors, it is hard to
establish controllability and observability numerically.

6.4 Derivation of the discrete linear Kalman Filter

Consider the following stochastic-dynamic system:

Xptrl = QpXp + Wi, (6.37)
Z, = Hka-i-Vk. (638)
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wy, is the model error and vy is the observation error. The model state at time t; is x;, an n-
vector, while the observed state is zy, an m-vector. The transition matrix, ¢, is then n x n and the
observation operator, Hy, is m x n. Let us make the following assumptions about the stochastic
inputs: they are unbiased and independent of each other. They are also white in time. This means
that for all k and [,

< wy >=0, < wi(wy)T >= Qo7
<vp >=0, <vi(vi)T >=Ry6f
<wir(v)T >=0. (6.39)

The equations (6.37) and (6.38) define our stochastic- dynamic model for our system. That is, if
we had the true state, x, and true measurements, z, and our imperfect discrete forecast model, ¢y,
and observation operator, Hy, the state would evolve according to (6.37) and (6.38). Thus, we are
assuming that we know the actual error statistics of the model error, wg, and the observation error,
vk. The assumptions about unbiased errors and uncorrelated errors (in time or with each other)
are not critical. Extensions of the standard KF can be derived should any of these assumptions
not hold.

The KF problem is this: given a prior (background) estimate, fci , of the system state at time
tr, what is the update or analysis, Xj, based on the measurements, z;? The background, f(ﬁ, bears
a superscript f, referring to the fact that it is derived from a model forecast. The superscript a
refers to the analysis, or estimate. We shall seek this estimate (or analysis) in the linear, recursive
form:

)A(% = f;kfci—i-f{kzk. (6.40)

To start this recursive process, we must have an initial estimate. The mean of the initial state is
assumed to be given by a forecast,

< X >= )A((J)c
and its error covariance matrix is given by
)T

P/ =< (& — x0) (& — x0)T > .

This initial estimate is assumed uncorrelated with the model and observation errors for all time.
Let us define our errors. The analysis and forecast errors are:

e% = )A(z — Xk
el = %/ —x (6.41)
k. k k .
where x;. is the true state at time ty.

The analysis equation can be rewritten in terms of errors by subtracting the truth from both
sides of (6.40).

ef = Lyp(x] +x,—xi) —xp + Kpzp
= ]Zke£ + ]:kxk — X + Kk(Hka + Vi)
= (]:k + Kka —Dxp + I::ke£ + Kkvk. (6.42)
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The advantage of writing the analysis equation in terms of errors is that we know something about
these errors, namely, their means and covariances. Thus, we can use this information to help
us determine an optimal estimate. First consider the bias of the analysis error. By definition,
< v >= 0. Now if the forecast error is unbiased, < e£ >= 0, then

<el> = (Lp+KHp—1I) <x;>. (6.43)
If we want an unbiased estimate, then we must require that
L, =1- K,H; (6.44)
so that the estimator (6.40) becomes
%0 = %]+ Kz — Hyx)). (6.45)
The estimation error can then be written as
e = (I-KiHpe! +Kyvy. (6.46)

K, is the weight matrix or gain matrix. K}, is the weight given to the observations. In the scalar
case, 0 < Kk < 1. Different estimators will result in different choices for Kk. It is interesting to
note that the form of (6.45) is that of a linear combination of our two data sources: the background
and the observations. What remains is to determine the Kalman gain, K. To do this let us form
the analysis error covariance matrix (i.e. the estimation error covariance matrix). By definition,

Pl = <(ef)(ep)" >
= (I-KiHy) < (e)(e)" > 1 - KHy) " + Ky < (vi)(vi)T > Kf
= (I- K H)PL(I - K Hy)" + KR K] (6.47)

Note that we used the fact that the observation error and background (forecast) errors are uncor-
related for all times. This fact can be proven by induction using the fact that the initial error is
uncorrelated with the observation error. The last line of (6.47) is called Joseph’s formula. This
equation says that the analysis error is due to background and observation errors. If the observa-
tions are accurate and plentiful, K;Hj, ~ I so that the analysis error is given by the observation
error projected onto state space. If there are no observations or they are very inaccurate, Kj = 0
and the analysis error is given by the background error.

To update the estimate, we use our forecast model:

% = ¢pxl. (6.48)

The truth actually evolves according to (6.37) since our model is imperfect. Thus we can subtract
(6.48) - (6.37) to define our forecast error. i.e.

e, = oref—w (6.49)
Now if our analysis is unbiased, then the forecast is unbiased since our model error was assumed
to be unbiased. Our forecast error covariance is by definition,
P£+1 = < (e£+1)(e£+1)T
= < (¢ref — wi)(Ppef —wi)" >
= ¢ < (ep)(ed)” > @i+ < (wi)(wi)" >
= ¢ Pid; + Qs (6.50)

>
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Note that we used the fact that the analysis error and observation errors are uncorrelated at all
times. This can be proven by induction using the fact that the initial state error and model errors
are uncorrelated at all times. (6.50) describes the evolution of forecast errors. Forecast error is seen
to be due to two terms: the amplification of analysis error at time step k£ through the dynamics of
the model, and model error. The first term can also be viewed as predictability error. Thus, if our
model dynamics contains unstable growing modes, analysis errors can grow. This error growth can
be unbounded if we don’t have observations to damp it (see (6.47)). If our model contains only
decaying modes at time step k, the analysis error can actually be damped, if this term is larger
than the model error term. If a perfect model assumption is made, the second term, Qi = 0.

Now, (6.47) and (6.50) together with the initial conditions, completely describe the evolution
of forecast error covariances. Note that the evolution of forecast errors does not depend on the
observations, the background or analyses, themselves. It depends only on the observation and
model error covariances and on the observation distribution, Hy,.

The derivation here is simpler than that in Todling (1999) because observations are assumed
to be available at every time step. Todling writes more generally that

of _ of
Xy, = G k—1Xp—g-

Thus, observations are available at every [ time steps rather than at every time step. This notation
uses the fact that when observations come every [ steps we can use the transition matrix from time
step k — [ to l. (Recall the transition property of transition matrices.) Thus, in (6.48), the update
step is not the model time step but the interval between observations.

The Kalman filter is obtained from a particular choice of Ky, that obtained by minimizing the
analysis error variance. Thus we want to minimize:

ge = E(legl,)
— < (e})"Si(ef) >
< Tr(Si(ef)(ef)") >
= Tr(SiP}) (6.51)

where Si, is a positive definite scaling matrix. Setting the derivative with respect to K to 0 and
substituting for P¢ using (6.47) yields

d - N
i =Sk [P KiH)T + 2RK | =0 (6.52)
k

or
K, = K, = P/H] (H,P/H] + R;,)"". (6.53)
K, is the optimal weight matrix called the Kalman gain. For this choice of K, (6.47) becomes
¢ =(I-KyH)P] (6.54)
This is shown in problem 5.1.
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Summary of discrete Kalman filter equations

system model: Xptl = PpXp + Wi, < W >= 0, < wi(w;)T >= Qk(SZk
measurement model: zp = Hyxy, + v, < vi >= 0, < vi(v))T >= Rkéf
other assumptions: <wip(v)T >=0
initial conditions: < xp >= fcg,Pg =< (fcé — Xo)(f(g —x0)T >
forecast step: f(£ 11 = PrXg

P£+1 = ¢ PLo) + Qi
analysis step: X = fc£ + Ki(zr — kacg)

# = (1 - K,Hy)P]

Kalman gain: K, = P/HI (H,P/H; + R;,) !

Theorem: For the system (6.37) and (6.38) with wy, v uncorrelated zero mean processes and
< wi(w)T >= Qkéf, <vi(v)T >= Rkéf, and where x¢ has mean 5{5 and covariance Pg and is
uncorrelated with wy and vg, the Kalman filter is the best estimator of a certain type of linear
estimator (6.40) in that it produces the smallest estimation error covariance.

If the errors are additionally assumed to be Gaussian, then the KF is the best estimator of any
kind (linear or nonlinear). In this case, we can see that the Kalman filter is a recursive algorithm
for estimating the a posteriori p.d.f. of the state given the observations. After an estimate is made
at time step k, the analysis error covariance matrix can be computed, thus defining the complete a
posteriori p.d.f. for time step k. The state estimate and error covariance are then propagated to the
next time step according to the model dynamics. Using this information and the new observations
at step k + 1, a new estimate is made for this time step and the cycle is repeated. The KF will be
examined from the conditional density viewpoint in section 6.7.

6.5 Simple KF examples

Example 1: No observations. With no observations, K; = 0 so that

Xp = X (6.55)
P¢ = P (6.56)
X[ = X! (6.57)
Pl,, = &Pl +Q (6.58)
Thus, we can drop the analysis stage of the algorithm to get
%[ = okl (6.59)
P£+1 = ¢kP£¢;£ + Qu (6.60)

with initial conditions 5{5 = Xg, Pg = Pgy. Therefore the model runs with no data injection.

For neutral or unstable dynamics, the forecast error grows without bounds. During an NWP
assimilation cycle, observations come every 6 hours, so the model runs for 6 hours (i.e. 6 time steps
for the GEM model) without data. Thus during this time, the forecast error grows and is damped
only when data arrives. This results in the typical “sawtooth” pattern of error variance evolution.

117



Saroja Polavarapu's Lecture Notes

Enter initial guess
%4, Py

Compute Kalman Gain
K; = P/H] (H,P/H; + R;) "

forecast step:
; f‘i-ﬂ = ¢pX},
P/ | = ¢, Piop + Qi

Update estimate with obs.
%0 = %] + Ky (zp — Hyx))

Compute analysis error cov.
P¢ = (1 - K,H,)P]

Figure 6.1: The Kalman Filter algorithm

Example 2: Perfect observations of model variables at every gridpoint. If observations are
perfect then Ry = 0. Observations of model variables at every gridpoint means that Hy = I. Thus
the KF equations reduce to:

K, = P/H{(H,P/H,) ' =1 (6.61)
xp = X[+ (z—x]) =z (6.62)
to= (I-KH)PL =0 (6.63)
5‘£+1 = x| = Pz (6.64)
P£+1 = o PLoL + Qr = Qi (6.65)

This is the ideal: perfect observations at every gridpoint. In this case, we can again skip the
analysis step since the observations are perfect. The KF reduces to

%) = 2 (6.66)
P/ = 0 (6.67)
%l = duz (6.68)
P/, = Q. (6.69)

Since R is the sum of instrument and representativeness error, R = 0 means that only scales

resolved by the model are observed. The forecast is then obtained by integrating the observed

state. The forecast error is limited to the model error because the observations are perfect.
Example 3: Brownian motion Consider the scalar system:

Tkl = Tp+ wWg (6.70)
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2 = I+ vk (671)

where Qr = 1, Ry = 1/4, l’é = 0 and Pdc = 0. Also, in the KF equations, the transition matrix
¢ = 1 and the observation operation, Hy = 1. Thus the KF equations are:

Ky, = Pl(Pl+1/4)7" (6.72)
Pt = (1-K)P/ (6.73)
Pl, = Pi+1 (6.74)
Bl = if (6.75)
2 = &+ Ki(zn — #) (6.76)
The Kalman gain can be written in terms of Py:
Py +1
K = it
Py +5/4
so that the update for the error variance can be written:
P — P +1
4Pg 1 +5
To summarize:
Py +1
~a ~a k—1 ~a
= ——— (21 — 6.77
P +1
po k=1 T~ 6.78
F 4P | +5 (6.78)
To start, note that Ko = 0 so that 2§ = 0 and F§ = 0. Then for k£ =1,
1 4
4
aAZClL = 0+ Kl(zl — O) = 52’1 (679)
1
P = 5= 0.2. (6.80)
For k = 2,
1
=+1 24
K, = 15 E :2—9%0.827
511
. 4 4 4 24
25 = 571 + Ka(z2 — 521) = 594 + 9972 (6.81)
1
g+1 6
Py = 53— =_—~0.207 6.82
2 115 29 (6.82)

What happens in the limit that k& — co? When k — oo, Py ~ P._1. Thus

«_ PL+1
> 4Ps 4+ 5
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The solutions are )
Py =5(-1+ V2).

The positive definite solution is
1
P =5(=1+ V2) &~ 0.2071

and

P+l 2422
P +5/4 3422
In this case, the KF approaches the steady state filter in just two steps! This is because the
dynamics are neutral and the observation error covariance R = 1/4 << @ = 1. The observations
are relatively accurate compared to the model error. The state, being scalar, is completely observed
when an observation is available. Thus dense, accurate observations combined with steady, linear
dynamics lead to a stable filter.

K ~ 0.828

6.6 The information filter

In this section we derive a different form of the discrete KF, which is very useful when we have no
background information.

First recall the equation for the analysis error covariance, (6.54) and substitute for the optimal
gain using (6.53):

P{ = (I-K;H;)P]
= PJ - P/H](H;P{H} +R;) "H,P}. (6.83)

Another form for the analysis error covariance equation is
(P) "' = (P~ + Hi (Ry) ' Hy. (6.84)
To verify that (6.84) is correct, multiply (6.83) by it:

P/ — P/H] (H,P{H] + Ry) "H,P{][(P)) " + HF (Ry,) 'Hy

= I-PJH}(HP{H] + R;)'H, - P{H] (H,;P{H] + R;,) 'H,P{H] (R;)'H; + P/H] (R;,) 'H,

= T+ P[H[[(Ry)" — (HP{H] + Ry) ™ (I + HeP[H] (R;)~")]H,
= T+ P{H[[(Ry)™" — (HP[H] + Ry~ (R + HP[HL)(R,) "' JH,
= 1+ P/H{[(Ry) "~ (Ry) 'JH;
= L
Now that we have verifed that (6.84) is correct, let us substitute this into (6.53) to get

K, = P/H](H,P/H)+Ry)"!
= [(PD) '+ HI (Ry) "Hy 'HI R,
= [(PH) '] TH; (Ry) ™"
= P!H(R;) L (6.86)
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Enter initial guess
%5, (Pg)~!

Compute analysis error cov.
(P~ = (P)™ +H (Ry)'Hy
Invert to get P¢

forecast step:

fc,’: 11 = PrXg Compute Kalman Gain
Pl = oiPioy + Qi K, = PiH/ R,
-1

Invert to get (P£+1)

Update estimate with obs.
%0 = %] + Ky (zp — Hpx))

Figure 6.2: The alternative Kalman Filter algorithm

To get the second line, we used the Sherman-Morrison-Woodbury formula defined in Chapter 4,
equation (5.27). Now we can summarize this form of the KF:

Summary of the information filter equations

system model: Xpp1 = QpXp + Wi, < Wi >= 0, < wi(w;)T >= Qkélk
measurement model: z, = Hyxp + v, < vip >= 0, < vi(v;)T >= Rkél’“‘
other assumptions: <wi(v)T >=0
initial conditions: <xo >= ﬁg,Pg =< (5{{; - xo)(fcg —x0)T >
forecast step: f(£ 11 = DX,
Pl = &Pio} +Qu
analysis step: X = )2£ + K (z, — kaci)
(Py)~' = (P))~! + HI (Ry)"Hy
Kalman gain: K = P¢H! (Ry) ™!

This process is depicted in Fig. 6.2.

Example 6.1 FEstimation of a random constant.
Suppose we have a sequence of noisy measurements and we wish to estimate a random constant.
The deterministic model is then

Xk+1 = Xk-

The transition matriz, ¢, = I, and the model error covariance matriz is Q=0. The measurements
are z = [z1, 29, . . .,zN]T and the measurement error variance is the same for all of them. Thus,
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the measurement equation can be written as

1 U1

1 V2
7 = x4+ | .

1 UN

and the observation error covariance is R = o?1. There is no initial background state. To represent
this lack of knowledge, we set
P} = o, %) = 0.

We can’t deal with infinite variances with the usual KF algorithm, but the alternative algorithm can
be used.
Proceeding with the first step of the alternative form of the KF:

(PO~ = (P} +H] (Ro)Hy

1
= [1 1 -+ 1]o21| |
1
N
= 6.87
il (687
Thus
a 0-2
Pl =—.
07 N
Nezxt, the Kalman gain is computed as
Ko = P{Hj(Ro)™'
o? 9
= F[ 11 I o |
1
— N[l 1 -0 1] (6.88)
Finally, the estimate is given by
X¢ = %) +Ko(z —Hox)
= KoZ
z1
1 22
= —[1 1 1
<l .
ZN
B EN
= xtyto Tty (6.89)

Thus the Kalman filter says that the best estimate is given by the average of all the observations in
the absence of a background.
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Example 6.2 A recursive algorithm.

In the previous example, we took all observations at the same time, since the dynamics were
steady. We could equally well have done the problem, one observation at a time, using N time
steps. In this case, the measurement equation is simply the scalar equation:

2k = T + V.

Here, Hi, = 1 and the observation error covariance matriz is a scalar: Ry, = o?. Now let’s start

again. Since there is no observation at time to, Ko = 0 and }E{ =X3 = fcg =0 and P{ = P% = .
The first step is

(P~ = @) +HIR'H; =072 (6.90)
Thus, P§ = 0. Neat, the gain is

K; =P{H{R;' =0%c 2 =1.

Then the updated estimate is

In the forecast step, we obtain

3 = =2
f a__ 2
P2 = 1 =0

In the next iteration, we start with the analysis equations again:

(P)~' = (P))~' +HIRy ' Hy =202
Ky = PSHIR,'=1/2
%3 = &)+ Ko(zo — Hokl) = 21 +0.520 — 0.521 = 0.5(2 + 2) (6.91)

then follow with the forecast step:

}A{g; = }A(g = 0.5(21 + 22)
P, = P3=050>%
The next analysis step yields:
(PH~H = (P +HIR;Hy =307
Ky = P{HIR;'=1/3
“a o f 21 1 1
X3 = (1 — K3H3)X3 =+ K323 = 55(21 + 22) + 523 = 3(21 + 20 + 2’3). (692)

It should now be apparent that with each step of the Kalman filter, an observation is ingested and
the estimate is a running average. This procedure can be continued until step N. The estimate
would be as found in the previous example, except, instead of taking all observations together, we
used them one by one in a recursive manner.
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6.7 The conditional density viewpoint

We have derived the KF by minimizing the analysis error variance. However, in the previous
chapter, we showed that the minimum variance estimator is the conditional mean. How does this
relate to the KF derivation? In this section, we re-interpret the KF problem from the conditional
density viewpoint.

Suppose we have Zj, = (29,21, ..., 2,)" the set of all observations up to and including ;. What
does knowledge of Zj, tell us about the state x;? We know from chapter 4 that we ultimately want
to know py, |z, (Xr|Zr) . We also know that the minimum variance estimator is the conditional
mean, i.e.

X = E(xp|Zp).

Now using the definition of conditional density, we can rewrite this p.d.f. in terms of those we
know. i.e.

PxulZe Xk1Z1) = Dxy\zp 1,2 Xk Zk—1, Z)
P(Xp, Zp—1,21)
P(Zy—1,zy)

p(Zx|Xk, Zp—1)p(Xk, Zi 1)
P(Zy—1,2z1)

P(Zx Xk, Zi—1)p(Xp| Zg—1)p(Zg 1)
(2| Zy—1)p(Zy—1)

(21| Xk, Zr—1)p(Xk|Zr—1)

= SEAA (6.93)

The above was derived by repeatedly applying Bayes’ theorem. After the second equality, the
subscripts on the probabilities were dropped for convenience. Now, if we assume that all quantities
are Gaussian, then we can completely specify the a posteriori p.d.f. p(xg|Zy). Therefore, assume
that wy is N(0,Qy), vi is N(0,Ryg), x¢ is N()Eg,Po), and wj, and x; are white in time and
uncorrelated with each other. Also the initial state error is assumed uncorrelated with the model
and observations errors at all times. Because the observation error is white, we can write

p(zk|xk, Zi—1) = p(zk|xk)
so the conditional p.d.f. we are looking for (6.93) can be simplified to

(21| X% )p(Xk|Zx—1)
(2| Zy—1)

Pxp|zi (XK Z1) = (6.94)

What are the terms in (6.94)7 In ch. 4, we already determined p(zy|xy) (except without subscripts).
For Gaussian errors (as assumed here),

p(zk|xk) ~ N(Hypp, Ri). (6.95)

To determine the next term, we need to have at our disposal, a prior estimate (its mean and error
covariance), )2£ , Pi. We shall stretch our notation to let x; be the true state conditioned on the
data stream, Z;_,. Then,

p(xk|Zy_1) ~ N(xL, P]). (6.96)
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We can determine what the background estimate’s mean is. It is the conditional mean of x; given
Zk:—l- Thus

1l = E(xi|Z_1)

E(¢p_1%Xp—1+wWi_1]Zp_1)

Dp1 E(xp-11Zg—1) + E(Wg—1|Zy—1)

= @p_1Xj_1- (6.97)

This equation says that to update the mean of the analysis estimate, propagate it in time using
the model dynamics to get the background estimate for the next analysis step. When we derived
the KF earlier in this note, we assumed exactly this update equation on an ad hoc basis. Here,
however, we have produced exactly the same update/forecast step, justifying our previous choice.

We can similarly develop the covariance matrix for the background. It is given by the conditional
covariance of the state at time ¢ given the sequence of observations, Zj_1.

P{ = E(xpx}|Zi_1)
= E((¢p_1%k-1 + Wi—1)(Pp_1%k—1 + Wi—1)" | Zr—1)
= p 1 Exr1xp-1|Zr-1)Pp + E(wWi 1wy |Zg 1)
= ¢p1Pidi + Qe (6.98)

The cross terms have disappeared from the third line because of the whiteness assumption of model
errors. Because our prior (background) estimate is coming from the evolution of a previous analysis,
the error of the state includes the error of using the conditional mean update. Thus, the forecast
error includes not only the evolution of the analysis error but also the model error.

What remains now is to determine the denominator of (6.94). Since zj = x; + Hyvy we can
determine the mean and covariance of p(zy|Zy—_1).

E(zx|Zy—1) = E((Hixg + vi)|Zg-1)
= HkE<Xk‘Zk,1) + E(vk\Zk,l)
= Hi%]. (6.99)

The covariance is

E(ZkZE’Zkfl) = E((Hkxk + Vk)(Hka + Vk)T‘Zkfl)
= HkE(Xer]ﬂZk_l)Hr]g + E(vkvg\zk_l)
= H,P/H] + Ry (6.100)

As a result we can say that
p(2r|Zy—1) ~ N(Hx], H,P{H] + Ry,). (6.101)
Finally, we can substitute (6.95),(6.96) and (6.101) into (6.94) to get

N(Hjpty, Ri)N(x], Pf)
N(H %], HyP{HT + R;)

Pz, (Xe|Zg) = = N(x%, P) (6.102)
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where
%0 = %]+ Ki(zp — Hix])
K, = P/H}(H,P/H,+R;)"’
P = P +H{R'H, (6.103)

and the update step is given by (6.97) and (6.98). Thus, we can now see that in chapter 4, we
derived the analysis step of the Kalman filter (with no update equations for the background). Thus
3D schemes such as OI and 3DVAR can be viewed as degraded KF’s where the covariance update
is omitted since it is assumed constant in time. Also, the schemes lose the optimality property
because the error covariance matrices are only approximated and not known exactly.

For Gaussian errors, the conditional mean is also the most likely value (the mode or MAP
estimator). Therefore the KF is the best estimator by almost any measure. If the errors are not
assumed Gaussian, then the estimator x(z) will be a (not necessarily linear) function of z. If we seek
an estimator which is a linear function of z, then the KF is the estimator which corresponds to the
minimum variance. Thus it is said to have the Best Linear Unbiased Estimator (BLUE) property.
However the KF would not give a conditional mean estimate which would be the minimum variance
estimate since a nonlinear estimator may have lower variance than the linear one. Still the KF
would provide the minimum variance of all linear estimators.

We have seen that the KF provides a procedure for updating the conditional p.d.f., in the
Gaussian case since on the first 2 moments are needed to define the p.d.f. The conditional means
and covariances are:

f‘i = E(xk|Zy-1) P£ = B(xpx} |Zp_1)
f= E(xx|Z) i = B(xixi|Zy) (6.104)

6.8 Properties of the discrete KF
1. The KF is a linear discrete-time finite dimensional system.
2. The input to the filter is {z;} and the output is {xx}.

3. The conditional covariances

P! = El(xx — B(xp))(x — E(xx)) | Z_1]

= Bl(xp — x]) 0 — %) T Zg1]
= Bl(xr — %) (xx — %)7]

= E[(xp — %x3) (xx — %3) (2]
= FEl(xx — %) (xx — %)
are INDEPENDENT of the observations and are therefore also the unconditional covariances.

4. When {x;} and {z;} are jointly Gaussian, then {xy|Zj—_1} can be shown to be Gaussian. The
conditional p.d.f. is completely defined by the conditional mean and covariance. Therefore,
the KF describes a procedure for updating the entire conditional p.d.f. of xy.
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5. In the Kalman gain definition, the inverse of HkPng + Ry, is required. Since P£ and Ry, are
covariance matrices, they are positive semi-definite. One way to force positive definiteness
of HkPiHE + Ry is to require that Ry be positive definite. i.e. Thus no measurement is
allowed to be perfect. Since R actually includes representativeness error as well, this is not
unrealistic.

6. If the forecast model is time invariant and the input and output noises are stationary, ¢,
Hi, Q, R are all constant. However the KF will in general be time-varying.

7. If {x;} and {z;} are not Gaussian, the KF describes the Best Linear minimum variance
estimator (BLUE property). However, it does not give a conditional mean analysis which
would be the minimum variance estimator because a nonlinear estimator may have lower
variance.

8. The innovation sequence is white. Let

d, = zp—Hi%)
= Hix, + vi, — Hyix] (6.105)
= Hp(Pp_1Xk-1+ Wg—1) + vi — Hppp_1 X5
= —Hp¢, el + Hpywi_1 + vi (6.106)

then < d >= 0 (from (6.106), and
< dpdf >=H,P/H] + Ry,

from (6.105). Because eff_;, wi_1 and v are all independent of Zj_;, then dj is also
independent of Zj;_;. However, by definition, d; for j < k are all linear functions of Zj_.
Therefore dj is independent of d; for j < k. Thus dj is a WHITE sequence. This fact is
important because it means that we have a way to monitor the filter’s performance while it
is operating: check the whiteness of dy (it is already computed as part of the KF).

6.9 Filter divergence

Filter divergence is the name given to the phenomenon where the filter seems to behave well, with
low predicted analysis error variance, while the analysis is actually drifting away from reality.

Divergence occurs when our modelling assumptions are not true. For example, the model error
is higher than we said it was, or the system model has the wrong form, or the system is unstable
or has bias errors when none was expected. When you have assumed large model errors, and have
a very stable model and no biases, divergence problems are avoided.

How do you know if divergence is occuring if you don’t know the truth? You can monitor the
innovation sequence. If it is not white, then some of your assumptions must be inappropriate.
Another indication is that the Kalman gain will tend to 0 as t increases. This is not a necessary
nor a sufficient condition for filter divergence. However, it indicates that less and less weight is
being given to the data and the filter may be asymptoting to an erroneous value.

How do you cope with divergence?

1. Don’t under-estimate model errors. Over-estimate them.
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2. Try to adaptively estimate model errors using innovations.

3. Overweight most recent data, thereby reducing filter memory of old data. This forces data
into the KF.

4. Put an ad hoc lower bound on the Kalman gain.

6.10 Stability of the KF

Asymptotic stability of the KF means that its solution will gradually become insensitive to its
initial conditions. Omne can see that observability will play a role because if there are sufficient
observations, the true state will be well approximated. Also, controllability will play a role because
if the system is not controllable in some modes, then any number of observations cannot help damp
the analysis errors.

Theorem (Jaswinski Theorem 7.4)

If the system

Xk+1 = QpXp + Wi
Z, = Hka+Vk

with xg, {wg}, {vx}, independent, is uniformly completely observable and uniformly completely
controllable and if Py > 0 then the discrete time KF is uniformly asymptotically stable.
What does this mean? The KF analysis may be written as

Xy = (I - KpHy)dp_1X5_ 1 + Kz

For the unforced equation, it is easy to see that stability of the KF solution (X} remains bounded)
depends on

(T — KpHg) by

In fact
X = (- KpHp) ¢y 1 (I - Kp—1Hi—1)@p o - .. (I — K1 Hy)gpXg.

Let us examine the operator:
(I - KpHg) gy

K represents the observation accuracy, while H; reflects the observation distribution in space.
¢;._1 represents the propagation of the model from t;_; to .

e For accurate, abundant observations, KyHy =~ I. Then even for unstable dynamics, the KF
is stable.

e If the model is very stable, even with no observations (Kj; = 0), the KF eventually loses
memory of the initial condition.

e If the model is unstable, sufficient observations (in terms of accuracy and coverage) are needed
to keep errors from growing.
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6.11 Generalizations of the Kalman Filter

When we derived the KF, we made a number of assumptions such as the system and measurement
noise being white in time, and uncorrelated with each other. It was noted that these assumptions
were not critical to the KF derivation. In this section, we describe modifications to the standard
KF when these assumptions are not true.

First recall the true system equation, (6.37), and the measurement equation, (6.38):

Xkt1 = PpXp + Grwy,

7z, = Hpxp + vi.

Here we have allowed for the system noise to be a different dimension than the state. Thus we
need a mapping from the system noise space to the model space, G.

6.11.1 Serially correlated measurement noise
If the measurement noise is correlated (not white) in time, then we can write
Vi1 = Epvie + ug (6.107)

where uy, is white in time and Gaussian with mean 0 and covariance S;. Because the measurement
noise is not white, we will try to define a new measurement equation which is white. First note
that

Zp+1 = HipiXprr + Vi
= Hii10x, + Hip1 Gewy + Egvy + ug. (6.108)
Now it is clear that
Zi+1 — Epzg = (Hk+1¢k — Eka)Xk + Hi 1 Grwy + ug. (6.109)

Thus we can define a new measurement equation:

zj, = Hixy + vi. (6.110)
where
z), = Zp+1 — Epzp,
H}, = Hy 110, — ExHy,
and

VZ = Hk+1Gka + ug.

Note that v} is also white and Gaussian with mean 0 and covariance matrix, Hj 1 Gy, QkGEHg gt
Si. With this new measurement equation, and the system equation, a KF can be defined with the
usual assumptions.
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6.11.2 Correlated system and measurement noise

What if the system and measurement noise were correlated, i.e.
< Wk(Vk)T >= Ck5lk

Here wy, and v; must have the same dimension. (If not, new mapping operators must be intro-
duced.) Consider the following state equation:

Xkl = q,’)kxk + Grw + Dk(zk — Hpxp — Vk)
= (¢k — Dka)Xk + Dpzp + Grwy — Divy. (6.111)

Let us define
S = kak — Dkvk.

Now, choose Dy, such that < si(vi)* >=0 . Thus,
Dy = G;CiyR; .

Thus we have defined a new system equation for which the noise s; is uncorrelated with the
measurement noise, vi. Note that the system equation now has inputs zy.

6.11.3 Serially correlated system noise

In this case, the system noise wy is not white but is Markov:

Wil = Apwy + ug (6.112)
where uy, is white in time and Gaussian with mean 0 and covariance matrix S;. We can combine
the system equation and the model for system noise to get an augmented state, yg = [XITWE]
Thus we can write

Xk+1 ¢k Gk Xk 0
= A1
or
Yi+1 = Mgyr + Grug. (6.114)

Thus we have a new system equation for which the system noise is white. However, the new state
has dimension equal to the sum of the dimensions of vectors x and w. The measurement equation
can also be written in terms of this new augmented state as:

zi, = Hyyy + v, (6.115)

where H = [H}, 0].

6.12 Nonlinear filtering

The Kalman filter is applicable to linear systems. In Earth systems science, we usually deal with
nonlinear systems so in this section we introduce a standard extension to the Kalman Filter for
nonlinear models.
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6.12.1 The Extended Kalman Filter
Consider the following stochastic-dynamic system:

Xkl = Mk(xk) + Wi, (6.116)
Zr = Hk(Xk) + Vi (6.117)
where M), represents the model which is a nonlinear function of the state at time step k. Hy, is the

nonlinear observation operator. If the model and observation operators are only weakly nonlinear,
then we can approximate them using the first two terms of a Taylor expansion:

oM (X
Mp(x+0x) ~ Mp(x)+ 8k(x)5x
X
OH (%X
Hi(x+6x) =~ Hp(x)+ ﬂéx.
ox
Here we have introduced the Tangent Linear Model (TLM),
OMy(x) e
ox
and the Tangent Linear observation operator
OH(x)
———— =H,.
ox k
Since the forecast step is given by:
x|y = My(xf), (6.118)
the forecast error evolves according to
el = Mi(x}) — Mi(xi) — w
= My(xp + xp — xp) — Mr(xx) — wy
~ Myej — wg. (6.119)

Now, if the analysis error at step k is unbiased, then the forecast error at step k + 1 is unbiased
and the error covariance at k + 1 is

Pl = MyPiM} + Qy. (6.120)

Because the forecast error evolution is described by the Tangent Linear model, the forecast error
covariance also evolves according to the TLM dynamics. Note that this equation is only valid when
the model is weakly nonlinear.

As in OI or 3DVAR with a nonlinear observation operator, the analysis step for the Extended
Kalman Filter is given by:

x¢ = X£ + K (z1, — Hk(xﬁ))
K! = P/H](H,P/H] +R;)™"
P! = (I-K;H,)P]
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Thus the full nonlinear model is used to obtain the innovations for the analysis equation. The gain
matrix and the analysis error covariance matrix involve the tangent linear forward model operator.
The forecast step of the Extended Kalman Filter (EKF) is summarized as:

Xl o= Mxf)
Pl,, = MPIM}+Q

with initial conditions: x{ = x¢ and P§ = Py.

An important assumption made in deriving the EKF is that model is weakly nonlinear. When
this assumption is valid, the EKF should work, but in general, the EKF is not a consistent method
for propagating the mean and covariance of the a posteriori p.d.f. To see why, we must first define
some higher order statistical moments. For components x; of vector x, the first statistical moment
is:

X =< X; >

the second statistical moment is:
Pij =< (xi — %) (x5 — %5) >
the third statistical moment is:
Ok =< (x5 — %) (x5 — %) (X — Xp) >
and the fourth statistical moment is:
Dijm =< (x — X4) (x5 — Xj) (x5, — X)) (x7 — Xp) >

where the subscript indicating time step was dropped.
Now consider the nonlinear model (6.116). If we had many model integrations, the mean state
at time step k£ + 1 would be given by

Xkt1 = Mk(xk).

Note that the right hand side is not the forecast of the mean state at time step k£ but rather the
mean of the forecasts from time step k. For a linear model, these two would be the same. Now
define the TLM, as well as higher order derivatives of the model:

M- B4 5, - PO T i

Then the Taylor expansion for the model is:
M (X + 6x) = M(X) + Méx + %S((SX(SXT) + %T((Sxéxéx) +...
Substitute this into the nonlinear model to get:
X1 = Mg(Xg) + Wi + Mpox + %Sk(éxkéxg) + éTk(éxkéxk(Sxk) + ...
Thus the mean state at time step k£ + 1 is given by:
S = My(%e) + %ssz + %Tké)k +o (6.121)
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Similarly, we can derive the evolution equation for the forecast error covariance matrix by taking
the outer product of the forecast error (minus its mean) with itself. The result is:

P/, = MPIM! +Q; +M;0;S]
1 1 1
+ 1s,frksg + §MkI‘kT;f + 1Ssz(P,f;)TsE
1 1
- éssz@);fT}f — %TkaG)kTTE +... (6.122)

Note that the evolution of the mean state and the covariance matrix involves all higher order
statistical moments. Obviously, we can’t afford to calculate all of these, so to close the system of
equations, we might choose to keep only up to the second order statistics. Thus we would drop all
terms involving ®; and I'y, and higher order terms. Then the mean state and covariance evolution
would be given by

1
Xpr1 = Mp(xp) + §SkP%
1
Pl = MPIM}+Q+ ZSkPZ(Pi)TSE. (6.123)

Compared to the EKF forecast equations, (6.118) and (6.120), there are extra terms not only for
the covariance propagation but also for the mean state propagation equation. Thus the EKF is
not a consistent approximation even to second order statistics. However, if the model is weakly
nonlinear so that S; can be ignored, then the EKF forecast equations result.

The problem with the EKF forecast equations can be evident when dealing with geophysical
forecast models. The TLM is supposed to describe the evolution of forecast errors. With a nonlinear
model, error growth would saturate eventually. However, with a linear model, error growth can
continue indefinitely. When do errors grow? Error growth occurs when the model is unstable. For
atmospheric models, in the midlatitudes, this corresponds to growing baroclinic disturbances. Thus
precisely when and where we are interested in an accurate forecast, the EKF equations are incorrect.
The forecast error covariances can be overestimated and if these regions are not sufficiently well
observed, the error growth can lead to filter divergence. Gauthier et al. (1993) showed such
unrealistic error growth using the barotropic vorticity equation. Using a perfect model, the true
initial conditions and observations of u,v and ¢ at 500 hPa, the EKF still failed. Unbounded error
growth was found where the flow was unstable, and where there were no observations to damp the
error growth. The the EKF can diverge simply due to the presence of dynamical instabilities since
a linearized forecast error evolution was assumed.

In summary, a standard extension of the KF for weakly nonlinear models (the so-called Extended
Kalman Filter or EKF) was derived. The EKF was shown to be an inconsistent approximation to
the full nonlinear evolution equations, even to second order. However, if the nonlinear model is
weakly nonlinear, the omitted terms may be small and the EKF may work. When the model is not
weakly nonlinear, the forecast for the state may develop a bias, and the covariance evolution may
be incorrect.

6.13 Sub-Optimal Kalman Filters

The KF is designed for linear systems. In reality, we are dealing not only with nonlinear systems,
but very large and complex ones. Thus the KF is not practical. The main problem is the evolution
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of the covariance matrix. If the state is of dimension 107, then the covariance matrix has 10
elements and propagation of this matrix in time would be impossible. Thus several people have
come up with schemes to reduce the cost of the covariance propagation equation. Because the KF
equations are altered, and therefore no longer optimal (this is not guaranteed in the nonlinear case
anyway ), such scheme are called “Sub-Optimal Schemes” or SOS.

As noted above, the expensive part of the EKF is the covariance forecast:

P/, = MyP{M] + Qi = PY + Q;.

The expensive part of this calculation is the first term on the right side which is called the pre-
dictability term, PZ. To avoid matrix multiplication, this term can be rewritten as

M, (M, P)T.

The term in round brackets describes the evolution of columns of the analysis error covariance
matrix using the TLM. If My, is n x n, then this involves n model integrations. Then the final
multipliation involves an addition n integrations. In total, this term involves 2n model integrations.
If n = 107, then clearly this is impractical.

In addition to the fact that the covariance evolution step is expensive, the EKF approximation
of this step is not even correct so why both evaluating this term exactly according to the EKF
equation? Finally, and most importantly, we do not have sufficient knowledge of observation and
especially model errors, so what is the point in evolving erroneous covariances exactly? All of these
arguments point to the necessity of simplifying the EKF forecast step for covariances.

One method of reducing the cost of (6.120) is to use a simpler model to propagate the forecast
errors. S0, if a full NWP model is used for the analysis, use a reduced resolution model to propagate
the errors. Since we know the analysis step involves a filtering, the analysis errors may involve larger
scales anyway so using a reduced resolution model might be sufficient. This method was tried by
Cohn and Todling (1996).

Another method also due to Cohn and Tolding (1996) is the Partial singular value decomposition
(or PSKF). The idea here is to decompose the model dynamics into singular vectors and keep only
some of the most important directions. Thus,

M;, = UD;Vy

where

Uy, = [UfUL], Vi = [VEVL], Dy, = diag[DiDY].

The left and right singular vectors are U, and V. The superscript L refers to the leading sin-
gular values and corresponding vectors while T" refers to the trailing values and vectors. Thus the
approximation involves dropping the trailing singular values and vectors so that (6.120) becomes:

P} = S;P¢S} + P}

where

Sk =UDg (Vi) .

Another method (Partial Eigenvalue decomposition PEKF) is to use an eigenvalue decomposi-
tion of the whole prediction error covariance matrix:

M P¢M} = W, T, W]
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where the leading and trailing eigenvalues and vectors are given by:
W), = [WiW{], T, = diag[T; T}].

Thus (6.120) becomes:
P} = WETE(WET +T7.
This method is also due to Cohn and Todling (1996).

Is it better to approximate the model dynamics by keeping only a few singular vectors, or to
approximate the whole prediction error covariance matrix using a partial eigenvalue decomposition?
It depends on the model in question. If the spectrum of singular values has a steep slope so that
some values are clearly unimportant, it is easy to define the leading and trailing values. Similarly,
for the eigenvalue decomposition, if there is a steep spectrum of eigenvalues, then it is clear how
to define what the leading and trailing values are. From Cohn and Todling (1995)’s Fig. 1, the
eigenvalues vary over 10 orders of magnitude while the singular vectors vary over only 1 order of
magnitude. However they were using a simple barotropic model and these results will depend on
the model.

Another variation of the PEKF is the RRSQRT-EKF. The idea is the same as the PEKF in that
the first term of (6.120) is approximated using only the leading eigenvalues and eigenvectors. How-
ever, instead of the standard EKF algorithm, the square root (SQRT-EKF) algorithm is used. The
latter is more robust because one doesn’t have to worry about the development of non symmetric
positive definite covariance matrices (due to numerical errors). This can happen with the standard
EKF forecast equation for covariances. This algorithm is described in Verlaan and Heemink (1995).

An obvious approximation to (6.120) is to simply use a different (simpler) model to propagate
the forecast errors than was used to propagate the state. For example Dee (1991) tried propagating
the mass variable only and deriving the winds from the geostrophic relationship.

One can also try approximating the forecast error covariance by a banded matrix. However,
negative values can still result unless a square root formulation is used (Boggs et al. 1995).

In summary there are many ways to approximate the covariance forecast equation of the EKF.
All will have advantages and disadvantanges, and before one chooses a method, it is necessary to
determine the assumptions involved and whether they are valid. It should also be noted that there
are many more sub optimal schemes than have been mentioned here.

6.14 The Ensemble Kalman Filter

One of the most intriguing of the KF approximations is the so-called “Ensemble Kalman Filter”
or EnsKF. The idea behind the EnsKF is to dispense with the troublesome covariance propagation
equation of the EKF and directly evaluate the forecast error covariance matrix using an ensemble
of forecasts. Since a nonlinear model is used for the forecasts, the covariance so calculated does not
involve any linearization and hence is better than the EKF. Thus, the ensemble mean forecast is

S
f _12 fi
=1

and the ensemble-based forecast error covariance matrix is

1 s ) )
P£ N Z(xg’z— < x£ >)(x£’2— < x£ >)T. (6.124)
i=1
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Thus, you run not one but s analyses, using the observation set z but perturbed by a different
realization of the observation error, for each analysis. This is to ensure that the analyses are
reasonably different from each other so as to reflect an analysis error. Then you can propagate
the s ensemble members forward in time using the complete nonlinear model. No TLM or adjoint
models are required! This gives an ensemble of s forecasts which are then used to calculate P£ using
(6.124). This Pi is then used in the calculation of the Kalman gain matrix for the analysis step.
To start the EnsKF you need to generate an ensemble of s perturbations of the initial state which
are used to calculate Pg . With chaotic model dynamics (as is the case for atmospheric motion),
ensemble members will diverge in time but saturate at the climatological values of forecast error.
Thus the ensemble members will grow apart with time. During the analysis step, the ensemble
spread is reduced because all members are constrained by the same observations (but with different
random errors added).

The calculation (6.124) will underestimate forecast error covariances because each member is
actually used in the calculation of its own error covariance. Thus, it is better to exclude the ith
member when calculating the ith covariance matrix:

S
Pﬁjz;;15§:u$ﬁ-<x£j>xxﬁﬂ-<x£j>XP (6.125)
i#j
Thus the gain matrix for the ¢th member does not involve the ¢th member.

The appeal of the EnsKF is that it is conceptually simple but valid, requires no TLM or adjoint
models (which takes months to develop) and can be easily parallelized for MPI machines. However,
there are a few tricky points. First of all, the definition of a covariance matrix involves realizations
of forecast error while (6.124) uses the spread of forecasts about their mean to represent forecast
error. Thus there is an underlying assumption that the ensemble mean is close to the truth and
that the distribution of ensemble members about their mean truly represents the forecast error.

Because there is no assumption of weakly nonlinear dyanmics, the EnsKF can be applied to
highly nonlinear models. The EnsKF was introduced to the meteorological literature by Evensen
(1994) to avoid the EKF divergence due to dynamic instabilities. It was applied by Evensen (1997)
to demonstrate its use for low order chaotic systems.
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