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The paper describes a prognostic model of the Doppler measurement accuracy based on
equations for estimating the mean radial wind velocity and the one-dimensional model of the
homogeneous atmospheric boundary layer. This model makes possible the numerical prediction of the
radial wind velocity, its measurement error, as well as potential temperature, kinetic energy, and the
turbulence dissipation rate for the meteorological situation, when the atmospheric stratification varies
significantly during daytime. It is shown that the measurement error of mean radial wind velocity
can vary widely depending on the day time. During day-time with increasing the turbulence intensity
the measurement error grows, and in the evening and at night, when the turbulent boundary layer
begins to collapse, the measurement accuracy increases first on the ground surface and then all over

the height.

Introduction

At present, the prediction of the Doppler
measurement accuracy is performed with the use of
simplified atmospheric models based on the empirical
dependences for vertical profiles of meteorological
parameters.! In reality the meteorological situation
during daytime significantly varies, that leads to a
great divergence Dbetween the real atmospheric
condition and the data obtained from models of such
type. This strongly affects the accuracy of the
Doppler measurement prediction.

In this paper, to increase the wvalidity of
numerical prediction, the equations for estimating the
mean radial wind velocity are closed by equations of
the prognostic meteorological model for the
atmospheric boundary layer, which take into account
diurnal variations of meteorological parameters and
the turbulent structure of the atmospheric boundary
layer.

Equations for estimating the mean radial wind
velocity are written with accounting for the influence
of Gaussian and non-Gaussian fluctuations of the
Doppler frequency, as well as the nonstationary
character of pulse laser radiation scattering by
atmospheric particles.

These equations have shown that the Doppler
measurements can be interpreted as measurements of
mean radial wind velocity only approximately. The
measurement error depends on the Dbehavior of
profiles of kinetic energy and the rate of dissipation
of the turbulence energy, and its magnitude shows to
what extent the interpretation of the Doppler sensing
data is correct as the mean radial wind velocity.

The one-dimensional prognostic model of the
atmospheric boundary layer, used by us, includes
nonstationary equations for the horizontal wind
component, potential temperature, and humidity. For
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modeling the turbulent structure of the planetary
boundary layer, the “e—[” model of turbulence is
used, corresponding to the level 2.5 by the Mellor—
Yamada classification.>™* For the model initialization,
the observation data of vertical structure of the
planetary boundary layer, daily variations of
geostrophic wind, and the ground temperature are
used.

The output parameters are the profiles of basic
meteorological characteristics: profiles of the wind
velocity and direction, as well as of temperature,
pressure, humidity, kinetic energy, and the rate of
dissipation of the turbulence energy.

The calculated meteorological characteristics
make possible the numerical prediction of the
behavior of estimation of the mean radial wind
velocity, i.e., the forecast of the behavior of such
parameters as the mean radial wind velocity and its
measurement error. Hence, the proposed model of the
Doppler measurement accuracy, based on the above
equations, enables us to interpret correctly the data
of lidar sensing in situations, when the
meteorological  characteristics vary  considerably
during daytime.

1. Equations for estimation
of the radial wind velocity

In the case of the method of autocorrelation
function,>® the expression for estimation of the
Doppler frequency shift has the form:

A1 A
fo=7-amgR(T) ()

M
where R(1)=—=3"'(qT)j(qT,+T) is the estimate
M £

of the autocorrelation function, j(¢) is the Doppler
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lidar signal, T is the interval of discreteness, M is
the number of discrete intervals.

The evaluation of the Doppler frequency shift
can be written as a sum of a regular part and two
fluctuation parts':

A

fat,2)=f(t,2) + [ig(t,2) + [4(t,2), (2)
where
f(t.2)=2ku,(t,2)=2k[U(t,2)ij+V(t,2)iy]n ()

is the regular part of the estimation of the Doppler
frequency shift.

2k~ Z-z|
fig (ty2)=ﬁz1: IP(qu —2C1y1‘1)
p

is the non-Gaussian part of fluctuations in evaluation
of the Doppler frequency shift.

t K (T)AR(T)-K(T)AR(T) 5
T, KT

2
w, (t,r)dr; (4)

fi (t.2)=

is the Gaussian part of the fluctuations. In Egs. (2)—
(5) u,(t,2) is the mean radial wind velocity, . (¢,2)

are fluctuations of radial wind velocity, U(¢, z) and
V(t, z) are components of the mean wind velocity
along the axes iy and iy; n is the sensing direction, z

is the sensing range, AIA((TS)=IA((T,)—K(T§); K.(T,)
and AK.(T,)are the real parts, K;(7;) and AK(T,)
are the imaginary parts of K(7,) and AIA((TS);
K(T)=(K(Ty) | is  the

T, Np

partly averaged

autocorrelation function with respect to random
position of particles r,,, the number of particles in the
scattering volume N p,1

As is evident from the foregoing account, the
presentation for estimating the Doppler frequency
shift is written with accounting for the influence of
Gaussian and non-Gaussian fluctuations of the
Doppler frequency, as well as of nonstationary
character of scattering the pulse laser radiation by
atmospheric particles.

The diagram of lidar directivity p(¢) determines
the form of the sounding volume, which at the pulse
sounding has the form'?

p(t.r) ~exp(~t* /15)8(r,),

where 21y is the pulse length, r, is the transverse

component of the vector r to the direction n; 8(r,) is
the Dirac delta-function.

2. The measurement error of the radial
wind velocity
It follows from Eqs. (1)—(5) that the expression

for estimation of the radial wind velocity may be
written in the form:
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0,.(t,2) = 271kfd =u,(t,2) +i[f1{g(t,z) +fi(t,2)].  (6)

It is seen that the estimate of the radial wind
velocity coincides with the radial wind velocity

i,(t,z)=u,(t,z) if the Gaussian and non-Gaussian
parts of fluctuations are zero. This means that only at
fe@t,2)=f;(t,z2)=0 the lidar sensing data may be
interpreted accurately as measurements of mean
radial wind velocity. If f,(¢,2)=0 and f;(¢,2)#0, then

the interpretation of lidar
approximate, i.e.,

sensing data is

0, (t,2) =u, (t,2) + Al (8, 2), )

where
A A 1 ’ ’
Al (t,2) =1, (t,2) -, (t,2) = %[fug (t.2)+[3(t.2)]

is the measurement error of the radial wind velocity.
Thus, the Gaussian and non-Gaussian parts of
Doppler frequency shift fluctuations are the reason
for the measurement error of the radial wind
velocity.

The measurement error of the radial wind
velocity is characterized by the variance value

s (t,2)= <[ﬁl (t,2)-u, (t,z)]2>. €©)

Calculations of the variance of measurement
error of the radial wind velocity by Eq. (1)—(8)
result in the following expression

2

IP(Q1T>»—ZC1,I‘1J X

1
2 — z
Gnr (t,Z)— M2

q1.q2=1

Z-2z
P(CDTS —2‘ c 2 ,f2)

X

2
R, (t,r,1,)drdr, +

1
8IZMTZ

x{TS n(Aw%O +<Aw{fug>)+%]‘f(Aw%0 +<Awh%l]g>)+g]j}, )

where

_ 2
p[qT_, - 22_622,@] D, (r;.1,)dr,dr, (10)

is the turbulent spectral width, Acofo =1/21; S/N is
the signal-to-noise ratio,

RIL& (t7r17r2) = z<u;€ (t7r1)u; (t?rQ )> ny1y;
kil

are coordinates of vector n;
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D,, (r1,r2)= 4k Z«Uﬁe (ro) — 1 (22)) (g (r1) — v (1'2))> ny 1.
&l

3. Measurement error of the radial
wind velocity in case of “2/3 law”

In case of the “2/3 law”® in the behavior of the
measurement error of the radial wind velocity three
cases should be considered, depending on the
condition of the turbulent atmosphere and dimensions
of the scattering volume. The first case is observed at

e(t,2)d, o <e(t,2)”?, et,z)e(t, z) is the

kinetic energy e(t,z) is the velocity of turbulence

where

dissipation energy; 2d, .=2d,+MT,c/2 is the length

of the scattering volume, 2d,=ct,."”> For the

Gaussian approximation of the form of the scattering
volume, the expression for the error variance is of the
form

o2 (t,2) = e(t,2) ~0.401C2 (e(t,2)dy ) +

{ : -
+W{2kn\/n(mfo +0.A01C%(e(6,2)d, ) ) +

2
+16k27}2%[Ao)30 +0.401C2(e(t,z)d\,)2/3)]+1;72}. (11
The second case is observed at
e(t, 2)d, o > e(t, z) >¢(t, z)d.  For the error

variance we have the following expression

, 1

{2kTs\/n(Awi) +0.401C%(s(t, 2)d, )"/ *) +
2
+16k2T,2%[Am2 +0.401C2(a(t,2)d\.)2/3)]+{\gfz}. (12)

0

When &(t,2)d, > e(t,2)*?, i.e., in the third case,

the expression for the error variance can be written
in the form

9 1

G“r = M{ﬂe]} TC(A(I)%O + e(t,z)) +

2
+16k2T_,.2%[Am30 +e(t,2)]+ ];]2} (13)

In Egs. (11)—(13) C*=1.77+0.08. It follows

from Egs. (11)—(13) that the behavior of variance of

2

the measurement error o; is determined by the

behavior of kinetic energy e(t, z) and by the velocity
of the turbulence dissipation energy (¢, z). The
calculation of e(t, z) and &(¢, z) is performed with
the use of the model of the planetary boundary layer
and “e—[” model of the atmospheric turbulence.
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4. Model of the planetary boundary
layer
Now we present three components of the wind

velocity field, potential temperature, and humidity as
a sum of mean and fluctuation components:

u(t,z)=U(t,2)+u(t,2);

o(t,z)=V(t,2)+0'(t,2);

w(t,2)=W(t,z)+w'(t,2), W(t2)=0; (14)
0(t.z)=0(t,2)+0(t,2);
q(t,2)=0(t,2)+q'(t.2).

In case of one-dimensional model of the
homogeneous ~ atmospheric ~boundary layer, the

equations for components of mean horizontal wind
velocity U(t, z) and V(t, z), mean temperature
0(t, z) and mean humidity Q(¢, z) are of the form?*:

L+ [(V-V,), Sl (U-U,). (15)
20 20
—=_0 )’, = __{J ', 16
5 = 0w), o =—{gw) (16)
where
u o Lop y, _10P
 pofey’ * pfox

are components of the geostrophic wind, ¢ is the
time, z is the vertical coordinate; p is the density, P
is the pressure, [ = 2Qsiny is the Coriolis parameter,
v is the geographic latitude, Q is the angular velocity
of the Earth rotation. For closing equations (14)—
(16) the “e—!” model of atmospheric turbulence®? is
used.

5. “e—I" model of atmospheric
turbulence

The used “e—[” model of atmospheric turbulence
includes the transfer equations for kinetic energy

e=(%<u'2>+<v'2>+<w'2>j, the scale of turbulent
fluctuations / [Refs. 2, 3]:

oU
0z

oV
—+

de o
=—(u'w') e

at

- ('@

N ae) Cpe”? (17)
ZL0'w —_ 1= -
+®< ze>+az(csﬁ\/e—az 7



712 Atmos. Oceanic Opt. /September 2008/ Vol. 21, No. 9

+£(Ge \/Zlaflj + Csz/g
0z oz

Rt
1—[—) ]; (18)
Kz
32
£= C[L, (W)= —F,,,\/EZZ—U,
2

I
<v’w’>=—F,,,\/El%, <e/w'>=-1v,,¢zzzi;’, (19)

where G=0.54, CL1 = —012, CL2 = 02, CD = 019,
x =0.4, F, and F, are the functions of local
turbulent  characteristics,®  “e—I” model  of
atmospheric turbulence (17)—(19), corresponds to the
level 2.5 according to the Mellor—Yamada
classification.

The boundary conditions for Egs. (15)—(19) are
formulated as follows®>:

at z=2z>>2z,

U=Sf oot V=" 200

K

0=0"(t); Q=0 (t); e=0f(C): I=xzfi(&); (21)
at z=H

.
oU_av_ok_al 00
0z 0z 0z 0z 0z 0z
where 2y, z;, H are the roughness parameter, the
height of position of the first calculated level, and
the height of the calculation range, respectively; f,,
[ [i are the empirical functions,>® & = z/L, B is the
angle between the vector of the surface wind velocity
and the axis Ox, 0,°%(¢), Qf"(¢) are functions,
determining the dependence on temperature and air
humidity at a height of 2 m; L is the Monin—
Obukhov scale.

Initial conditions for Egs. (15) and (16) are set
in accordance with the results of processing of
measurements of vertical structure of the atmospheric
boundary layer. For equations (17)—(19), intended
for determination of turbulent characteristics, the
initial data are generated by the preliminary
calculations, using the presented model with the use
of the fixed initial distributions for dynamic and
thermodynamic parameters of the atmospheric
boundary layer.

6. Results of numerical simulation

In this paper, the prediction of Doppler
measurement accuracy was made for the synoptic
meteorological situation, which was observed in
Tomsk on May 27, 2004. Measurements of the State
Hydrometeorological ~ Center at  meteorological
stations of Kolpashevo, Novosibirsk, Kemerovo, and
Tomsk were used to initialize the model.
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Figure 1 shows the results of the calculated
wind velocity and direction, potential temperature,
kinetic energy, and the dissipation energy rate. The
numerical forecast shows that the meteorological
situation that day varied greatly. A stable
stratification was observed at the beginning of
daytime, and as the solar activity increased and the
Earth’s surface was heated, the stratification first
became neutral and then unstable. After the sunset
and the Earth surface cooling the atmospheric
condition varied from unstable stratification to stable
one.

The solar activity, surface heating, and other
factors lead to appearance of the turbulent boundary
layer of different intensities in different times of day.
Thus, at nighttime the intensity of atmospheric
turbulence is low. After the sunrise and at the
surface heating, the noticeable turbulent boundary
layer begins to form. By 8:00 pm the turbulent
boundary layer is formed completely, and its height
reaches 2000 m. After 8:00 pm the solar activity
begins to decrease, the ground surface cools, and the
collapse of the turbulent boundary layer begins first
at the Earth’s surface and then through the whole
height. As a result, the kinetic energy and the energy
of turbulence dissipation at night-time decrease and
at daytime increase significantly.

Figure 2 shows the results of numerical forecast
of the profile of the radial wind velocity, as well as
the profile of its measurement error for the following
parameters of the Doppler lidar: A = 2 pym; M = 16;
T =0.02ps, t9=0.12 us. When calculating the
profile of radial wind velocity, it was assumed that
the sensing direction vector n was in the plane
{i;, i3}, and the sensing cone angle was equal to 45°.

At nighttime, when low turbulence intensity is
observed, the measurement error does not exceed the
value of radial wind velocity. After the sunrise,
heating the surface and forming the turbulent
boundary layer, the measurement accuracy begins to
fall first at small heights. By the time of a complete
formation of the turbulent boundary layer, which
extends to the heights of 2000 m, the measurement
accuracy decreases throughout the heights and its
magnitude is compared with that of radial wind
velocity. By the nighttime, as the turbulent boundary
layer is destructed, the measurement accuracy of
mean radial wind velocity begins to increase first at
the Earth surface and then throughout the height.

It follows from Fig. 1, that when the situation
during  daytime  varies, the  meteorological
characteristics differ considerably from the simplified
atmospheric models based on the empirical
dependences for vertical profiles of these parameters.
For instance, the wind velocity profile for the
daytime, corresponding to 2:00 am, 2:00 pm, and
10:00 pm differs greatly from the profile of the same
parameter for simplified models of the atmosphere.
Only at 8:00 pm it can be considered to be close to
the known dependence: the logarithmic profile.*
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The similar situation is observed when analyzing
the profiles of kinetic energy and the dissipation
energy rate. It is evident that only at 8:00 pm the
behavior of these profiles corresponds to empirical
dependences for vertical profiles of these parameters.

Thus, for the considered meteorological
situation, the simplified atmospheric models can be
used only for a short interval of daytime. At the rest
of time it is necessary to use more complicated
models for predicting the meteorological situation in
the atmosphere. This means that the validity of
prediction of the Doppler measurement accuracy will
be obtained not at the sacrifice of simplified
atmospheric models, but on the basis of more
complicated prediction equations of the atmosphere,
which take into account daily variations of
meteorological parameters and turbulent structure of
the atmospheric boundary layer.

6. Conclusions

In this paper, the prognostic model of the
Doppler measurement accuracy is proposed, based on
equations for estimating mean radial wind velocity,
and one-dimensional model of the homogeneous
atmospheric boundary layer. This model makes it

possible to perform the numerical prediction of the
radial wind velocity, its measurement error, as well
as the potential temperature, kinetic energy, the
turbulence  dissipation rate for meteorological
situation, when the atmospheric stratification varies
considerably during 24 hr period. It is shown that the
increase of turbulence intensity at daytime yields a
marked increase of the measurement error of mean
radial wind velocity, as compared to the nighttime.
In the evening and at nighttime, when the boundary
turbulent layer begins to destruct, the measurement
accuracy increases first at the ground surface and
then throughout the height of the layer.
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