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Results of experimental investigation of the quality of numerical retrieval of air temperature
and wind profiles in the boundary atmospheric layer, using the 2D dynamical-stochastic model and

the Kalman filter method, are discussed.

A new methodical approach' was proposed to
solve the problem of numerical retrieval of the
vertical profiles of some meteorological parameter in
the atmospheric boundary layer (ABL). The approach
is based on application of the Kalman filter algorithm
and the 2D dynamical-stochastic model, which
simultaneously  takes into account both the
peculiarities of the vertical structure of the field of
the meteorological parameter and the dynamics of its
temporal variations.

The purpose of this paper is consideration of the
results of numerical estimation of the quality and
efficiency of the proposed! dynamical-stochastic
approach by the example of the retrieval (from
experimental data) of vertical profiles of the
temperature and orthogonal components of the wind
velocity up to the height of 1.6 km.

To study the quality of the Kalman filter
algorithm using 2D dynamical-stochastic model,' the
data array of balloon observations recorded two times
a day (00 and 12 GMT) in January and July, 2004
at two aerological stations: Moscow (55°45'N,
37°57' E) and Novosibirsk (54°58'N, 82°57'E) was
considered. The stations are situated in the regions
with different physical-geographic conditions. All
aerological data used for formation of the initial data
array were preliminary interpolated (using the
method of linear interpolation) from standard
isobaric surfaces: 1000, 975, 850, and 700 hPa and
the levels of peculiar points (including the ground
level) to given geometric heights: 0, 100, 200, 300,
400, 600, 800, 1000, and 1600 m. Besides, not wind
velocity and direction were taken for statistical
estimation of the quality of retrieval of the wind
profile, but its zonal and meridional components, the
behavior of which is more stable in time.

To realize the Kalman filter algorithm,! some
initial conditions were set at the time moment k& = 0
(initialization moment), i.e., in the absence of
a priori data, namely:
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— the initial vector of estimates xf =0 C(.e.,
the model parameters d;,, = 0) that is caused by the
absence of useful data on the behavior of these
parameters;

— initial correlation matrix of the observed
noises R, =R,, the elements of which at the
principal diagonal 7; (under the condition that the
noises €,(k) are uncorrelated) are taken equal to
0.7°C for temperature and 1.0 m/s for orthogonal
components of wind velocity, based on errors in
balloon observations?;

— initial correlation matrix of the state noises
Q, = Qy, the elements of which on the principal
diagonal ¢; (under the condition that the noises w(k)
are uncorrelated as well) are set equal to 1, based on
the preliminary analysis of the behavior of the vector
of state composed from unknown dimensionless
parameters of the model.

Besides, according to Ref. 3, the covariance
matrix of estimating errors Pf, should be used in
calculations of the weight coefficients K, in the
linear Kalman filter, which should be set at the
moment of initialization of this filter. In practice,
P = P{, the matrix P§ has a diagonal form, the
elements of which at the principal diagonal should lie
in the limits P;=1, ., 100 (in our case, as
preliminary analysis has shown, P; = 10), all other
equal to zero.

As for estimation of the quality of the proposed
algorithm by the example of temperature T, °C, zonal
U, m/s, and meridional V, m/s components of wind
velocity, it was carried out using the standard (root-
mean-square) error in numerical retrieval, determined
by the formula
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where £f, and égyk, respectively, are the retrieved
and actual values of the meteorological parameter at
the point of retrieval (xg, yo) at the time moment k;
N is the number of considered realizations, as well as
using the probability P of the errors in such retrieval

Ay = £4 — €Y, which are less or greater than a certain

given value (for temperature, less than +1, .., +4°C
and greater than +4°C, and for orthogonal
components of wind velocity less than =*1, .., 4

m/s and greater than £4 m/s).

Let us now consider the results of the study.
First, like in Ref. 4, compare time behaviors of
actual measurements, retrieved values, and current
errors.

Temporal behaviors (during the period from
01.14.04 00:00 GMT to 01.18.04 12:00 GMT and
from 01.11.04 00:00 GMT to 01.15.04 12:00 GMT,

respectively) of the observed values &Y, retrieved

values &%, and current errors A, in retrieving

temperature, zonal and meridional components of
wind velocity at three typical height levels: 100, 600,
and 1600 m are shown in Figs. 1 and 2 for two
stations (Moscow and Novosibirsk).

Analysis of Figs. 1 and 2 shows that observed
and retrieved values of temperature, zonal and
meridional components of wind velocity are in
sufficiently good agreement. The observed and
retrieved values of temperature are especially close to
each other, for which the retrieval errors, in general,
do not exceed 0.5°C.

However, to finally confirm the high quality of
the proposed dynamical-stochastic algorithm, it is
expedient to statistically estimate its accuracy using
the standard (root-mean-square) errors & and the
probabilities P of the errors.

The data on such estimate for stations Moscow
and Novosibirsk are presented in Tables 1 and 2.

Joint analysis of Tables 1 and 2 shows that the
use of the Kalman filter algorithm with 2D
dynamical-stochastic model for numerical retrieval of
the vertical profiles of temperature and orthogonal
components of wind velocity really provides the
results acceptable in practice for the total boundary
layer independently of the considered station. For
example, the standard errors in such retrieval do not
exceed 0.9°C in winter and 0.6°C in summer (for
temperature) and, respectively, 2.5 and 1.4 m/s for
zonal and meridional components of wind velocity.

Besides, the values of probability of small errors
in the retrieving (less than + 1°C for temperature and
less than £ 1 m/s for orthogonal components of wind
velocity) evidence quite high quality of the
algorithm. However, the probability of the errors less
than + 1°C in retrieving the temperature in the
boundary layer (independently of the considered
station or season) is within 0.80 — 1.00, while the
probability of the errors less than +1 m/s in
retrieving the components of wind velocity varies in
close limits (0.64 — 1.00) only in summer (similar
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values in winter are observed mainly in the layer up
to 400 m).

Table 1. Standard errors &: of probability P (-10?)
of the errors in retrieving the vertical profiles
of temperature and wind velocity components relative
to a given value for st. Moscow

Winter Summer
P P
<t1[<e2]<3[<xaoxd| & [t [=2]<s3 <o
Temperature, °C
100 |100 100 100 100 0.2 100 100 100 100
200 |96 100 100 100 0.4 100 100 100 100
300 |95 100 100 100 0.5 100 100 100 100
400 |82 100 100 100 0.7 98 100 100 100
600 |81 97 100 100 0.8 97 100 100 100
800 |81 96 100 100 0.8 97 100 100 100
1000 [ 80 96 100 100 0.9 95 100 100 100
1200 [ 80 96 100 100 0.9 94 100 100 100
1600 |80 95 100 100 0.9 90 100 100 100
Zonal component of wind velocity, m/s
100 | 98 100 100 100 0.3 98 100 100 100
200 |98 99 100 100 0.6 98 100 100 100
300 |76 95 97 98 1.2 97 99 100 100
400 |62 90 95 96 1.7 95 97 100 100
600 |53 76 93 95 1.9 95 97 100 100
2.2
2.3
2.4

Height,
m

DO DODDODDODODODOO
(=)
=~

O UWNDODOO OO O

800 |45 66 88 91 94 97 100 100
1000 |44 64 86 90 10 94 97 100 100
1200 |40 62 84 90 10 2.4 89 97 100 100
1600 |38 60 83 88 12 2.5 83 92 98 100
Meridional component of wind velocity, m/s
100 {100 100 100 100 0.3 100 100 100 100
200 |90 98 100 100 0.6 100 100 100 100
300 |76 96 98 100 0.9 95 100 100 100
400 |67 90 95 98 1.3 94 100 100 100
600 |52 70 86 98 1.8 86 100 100 100
800 |40 68 84 95 2.0 84 100 100 100
2.1
2.2
2.3

[eleloloololo el e]
(=}
N}

1000 |39 66 84 93 83 100 100 100
1200 |37 64 83 92 75 98 100 100
1600 |35 60 83 91 70 94 100 100

O OO OO
[elelololooleo ok =]
(=}

N}

However, the question whether the proposed
algorithm is more effective than the modified method
for clustering the arguments,’ remains open.

To clarify this, use Table 3, presenting the
values of standard 8; and relative 6; = &;/c; (here o;
is the root-mean-square deviation) errors in retrieving
the values of temperature (T}, , and orthogonal

components of wind velocity (U),,; and (V)

calculated by the data obtained at station
Novosibirsk using two methods: MMCA and Kalman
filter with 2D dynamical-stochastic model.

The question can appear here, why not
observations of the considered meteorological
parameters are taken as the atmospheric parameters
to be retrieved, but their values averaged over the
layer? This is caused by the fact that, when
comparing the efficiency of two alternative methods,
we used, analogously to Ref. 6, the results of
numerical estimation of the quality of retrieval of
Doy Wiy and (V5 widely used  for

calculations of the spatial distribution of a cloud of
pollution, when the mean data for some atmospheric
layer have been taken instead of level observations of
temperature and wind.”
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Fig. 1. Temporal behavior of observed measurements (7), retrieved values (2), and current errors (3) in retrieving temperature,
zonal and meridional components of wind velocity at individual levels, obtained at the test station Moscow.
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Fig. 2. Temporal behavior of observed measurements (7), retrieved values (2), and current errors (3) in retrieving temperature,
zonal and meridional components of wind velocity at individual levels, obtained at the test station Novosibirsk.



E.V. Gorev et al.

Table 2. Standard errors &: of probability P (- 10%)
of the errors in retrieving meteorological parameters
for st. Novosibirsk
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dynamical-stochastic model has been taken as the
algorithm for vertical extrapolation.

Table 3. Standard §; and relative 0; errors
of probability P of the errors in retrieving the vertical
profiles of temperature, zonal and meridional components
of wind velocity relative to a given value carried out
using the algorithm MMCA (1) and Kalman filter with 2D

dynamical-stochastic model (2) for station Novosibirsk

Winter Summer

Layer, m S 0: 5 :

1t ]2 [ 1 ]2 t [ 2 [ 1 ]2

Temperature,°C
0—-200 09 03 13 04 08 02 16 04
0—400 11 04 17 06 10 03 20 06
0—-800 1.4 04 22 06 12 03 25 06
0—1200 | 1.6 0.4 26 06 1.4 03 30 06
0—-1600 | 1.8 0.4 30 07 15 04 33 08
Zonal component of wind velocity, m/s
0—-200 11 04 35 13 1.1 04 39 14
0—400 1.4 06 36 15 13 0.6 43 20
0—-800 1.8 08 40 18 16 0.7 48 21
0—1200 | 2.1 1.0 44 21 18 07 33 21
0-1600 | 2.3 1.1 45 22 20 09 357 25
Meridional component of wind velocity, m/s

0—-200 08 04 27 13 06 03 24 12
0—400 1.2 06 35 18 09 05 32 18
0—-800 1.5 07 42 19 12 06 39 19
0—-1200 | 1.8 0.7 49 19 16 07 50 22
0—-1600 | 20 0.8 50 20 1.8 08 33 24

It should be said in conclusion that the proposed

Winter Summer

Layer, ) P
m O [
<t1|<+2[<+3[<ra >4 *F [ <t [<x2[ <3| <4 [>44]

Temperature, °C
0—100 |100 100 100 100 0 0.3 100 100 100 100 0 0.2
0—200 |92 100 100 100 0 0.6 97 100 100 100 0 0.3
0—300 |92 100 100 100 0 0.6 93 100 100 100 0 0.5
0—400 |92 100 100 100 0 0.6 93 100 100 100 0 0.5
0—600 |92 100 100 100 O 0.6 93 100 100 100 0 0.5
0—800 |92 100 100 100 O 0.6 93 100 100 100 0 0.5
0—1000| 92 100 100 100 0 0.6 93 100 100 100 0 0.5
0—1200( 92 100 100 100 0 0.6 93 100 100 100 0 0.5
0—1600| 92 100 100 100 0 0.6 93 100 100 100 0 0.5
Zonal component of wind velocity, m/s
0—100 |98 100 100 100 O 0.4 85 100 100 100 0 0.7
0—200 |83 100 100 100 0 0.7 75 96 100 100 0 0.8
0—-300 (75 98 100 100 0 0.9 68 96 100 100 0 1.0
0—400 [65 93 95 100 O 1.1 68 93 100 100 0 1.0
0—600 |60 88 95 98 2 1.5 68 93 100 100 0 1.0
0—800 |58 88 95 98 2 1.6 68 93 100 100 0 1.0
0—1000| 58 85 95 98 2 1.8 67 93 100 100 0 1.0
0—1200(58 85 95 98 2 1.8 66 90 100 100 0 1.1
0—1600| 58 85 90 98 2 1.9 65 90 100 100 0 1.2
Meridional component of wind velocity, m/s

0—100 [90 98 100 100 O 0.6 91 97 100 100 0 0.6
0—200 (78 98 100 100 0 0.9 91 97 100 100 0 0.6
0—-300 |70 98 100 100 O 0.9 84 97 100 100 0 0.8
0—400 |68 98 100 100 0 0.9 77 97 100 100 0 0.9
0—600 |68 98 100 100 0 0.9 70 97 100 100 0 1.0
0—800 | 68 98 100 100 0 0.9 69 94 100 100 0 1.1
0—1000|1 68 97 99 100 O 1.0 67 94 100 100 O 1.3
0—1200)1 60 95 98 100 0 1.1 66 94 100 100 O 1.3
0—1600| 55 88 98 100 0 1.3 64 88 97 100 0 1.4

Analysis of the data in Table 3 shows that the
proposed algorithm based on application of the
Kalman filter and 2D dynamical-stochastic model
provides (in comparison with the MMCA algorithm)
essentially better quality of the results of numerical
retrieval of layer-average values of temperature, zonal
and meridional components of wind velocity.
Actually, the use of the algorithm of Kalman makes
it possible to improve the quality of retrieval,
independently of season and the atmospheric layer,
by 2.8—4.7 times for (T, and by 2.0—2.8 times for
(U, and (V5. Moreover, the relative error 0 in
such retrieval of layer-average values is 4—8% for
temperature and 12—25% for layer-average values of
the velocity of zonal and meridional wind (when
using the MMCA algorithm the values 8; vary within
the limits 13—33 and 24—57%, respectively). All this
evidences a high accuracy and efficiency of numerical
retrieval of the parameters (T)ho,h’ o1y and (Vi

in the case when the Kalman filter with 2D

algorithm provides for higher results in retrieving
(both the considered meteorological parameters and
especially their layer-average values) if to use not the
data of balloon sensing, conducted twice a day, but,
for example, the data of lidar remote sensing, which
have a high temporal resolution.

References

1. E.V. Gorev, V.S. Komarov, A.V. Lavrinenko,
V.V. Budaev, Atmos. Oceanic Opt. 21, No. 4 (2008).
2. Guide to Meteorological Instrument and Observing
Practices (WMO, Paris, 1984), 130 pp.

3. K. Brammer and G. Ziffling, Kalman—Bucy Filter
[Russian Translation] (Nauka, Moscow, 1982), 200 pp.

4. V.S. Komarov, A.V. Lavrinenko, N.Ya. Lomakina,
Yu.B. Popov, and A.I. Popova, J. Atmos. and Ocean.
Technol. 24, No. 2, 182—193 (2007).

5. V.S. Komarov, Statistics in Application to the Problems
of Applied Meteorology (“Spektr”, TAO SB RAS, Tomsk,
1997), 256 pp.

6. V.S. Komarov, Yu.B. Popov, S.S. Suvorov, and
V.A. Kurakov, Dynamic-stochastic Methods and their
Application in Applied Meteorology (IAO SB RAS,
Tomsk, 2004), 236 pp.

7. F.F. Bryukhan’, Methods for Climatic Processing and
Analysis of Aerological Data (Gidrometeoizdat, Moscow,
1983), 112 pp.

and



