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Simulations of Wind Along Flight Trajectories
in the Ocean Surface Layer
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A simulation model for numerical realizations of turbulence along � ight trajectories in the atmospheric
ocean surface layer is developed and tested. The model is based on a Monte Carlo simulation technique
in which a digitally generated random signal is � ltered to represent a random realization of the target
process. In addition to purely atmospheric/shear-driven turbulence, the model includes a surface pertur-
bation effect on the wind � eld caused by the underlying wave surface. It is shown that the wind � uctu-
ations may take varying forms, depending on factors such as � ight direction, � ight height, and wave
state. The differences found in frequency contents may be of crucial importance for the design of control
systems for � ight vehicles operating in this type of climate, such as sea-skimming missiles.

Nomenclature
C = wave velocity, m/s
F{ } = Fourier transform
Hs = signi� cant wave height, m
*fg(k) = � lter function in Fourier space, F{hfg(x)}
hfg(x) = � lter function between processes f and g
h(x, y) = wave elevation, m
k = wave number vector, (kx, ky, kz), rad/m
Lu, Lv, Lw = turbulence length scales for u, v, and w

� uctuations, respectively, m
R fg = correlation between processes f and g
Sfg = cross spectrum, F{Rfg}
89, 99, 09 = Fourier transform of u9, F{u9}
8w, 9w, 0w = Fourier transform of uw, F{uw}
U(z) = mean velocity, m/s
U10 = reference velocity, U(z = 10 m), m/s
û = wind velocities in trajectory following

coordinates (x̂, ŷ, z), (û, v̂, w), m/s
uw(x) = wave-induced wind � uctuations, m/s
u(x, t) = wind velocity vector in Cartesian coordinates
u9(x, t) = wind � uctuations, m/s
0n = white noise in Fourier space
wn = white noise
x = Cartesian coordinates, (x, y, z): x in the

streamwise direction, m; y in the transverse
direction, m; and z in the vertical direction, m

x̂ = trajectory following coordinates (x̂, ŷ, z): x̂ in
the � ight direction, m; ŷ transverse to the
� ight direction, m; and z in the vertical
direction, m

a = � ight direction in the (x, y) plane
sf = standard deviation of process f, ffÏ
v = circular frequency, rad/s

Introduction

A TMOSPHERIC � ight is by default relative to a turbulent
surrounding, and this will always affect � ight. Somewhat
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simplistically one may say that the extent of the in� uence
scales on the ratio between the characteristics of the wind and
those of the � ight vehicle involved, e.g., velocity, mass, lift
curve slope, and maneuvering capability. In the case of a sea-
skimming missile at transonic velocities, the � ight velocity will
be high— at least an order of magnitude — compared with the
wind � uctuations even in extreme weather conditions. This
implies a higher momentum-to-gust loading ratio than, for in-
stance, for an aircraft at low takeoff or approach speeds. How-
ever, to accomplish mission objectives, one will often seek to
keep the lowest possible � ight altitude for sustained periods
of time, making the margins within which the missile operates
very small. It is therefore crucial to be able to make realistic
estimates about the turbulence and its effect as early as pos-
sible in the design phase of a new missile to develop a well-
proportioned prototype (in control systems, control surfaces,
etc.) and to keep total development costs down.

In the literature, climatic data are available for long-time and
short-time wind and wave statistics.1– 3 Long-time statistics de-
scribe the expectancy of mean wind velocity, wave states, etc.,
as functions of climatic zones and are evidently very useful for
the de� nition of system requirements. Short-time statistics, on
the other hand, seem more sparse and limited, though factors
such as wind spectra and gust factors are relatively well
documented.4– 6 These are, however, often dif� cult to use quan-
titatively, as most spectral analysis methods require some linear
assumption, and gust factors merely are means of extremes and
tell little about the speci� c wind events one may encounter.

The best solution, therefore, often turns out to be analysis
through total or partial system simulations in the time – space
domain. To provide good results, these simulations need real-
istic input data of wind components along different � ight
paths. Such data can be estimated through � ight tests, but de-
pending solely on this will in most cases be a rigid and un-
satisfactory solution. Numerical realizations of turbulence
through the Monte Carlo type of simulation, however, can pro-
vide a very � exible and cost-ef� cient method for generating
wind data. Different types of such turbulence realization
schemes have been suggested and employed over the years,
but the basic idea remains the same: � ltering a random input
so that the output becomes a random realization of the target
process, i.e., satisfying its spectrum.7,8 Simulations can be per-
formed either on-line, with wind data being calculated along
the � ight path, or off-line, as � ight through a precalculated
velocity � eld. Depending somewhat on the type of simulation
chosen, such as the number of physical dimensions or reso-
lution, this technique makes it possible to acquire just the
amount of wind data needed.
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Fig. 2 Total wind spectrum as sum of atmospheric and wave-
induced � uctuations: a) logarithmic and b) linear axes.

Fig. 1 Conceptual model: streamlines above wave surface.

This paper discusses a new turbulence simulation model that
takes into account special factors, such as the direct in� uence
of waves and anisotropy in the turbulence, that are encountered
when � ying in the atmospheric ocean surface layer, which is
the layer typically ranging from the ocean surface up to z =
50 m.9

Wind Climatic Model
Wind effects relevant to missile � ight at low altitudes are

the purely atmospheric/shear-driven turbulence but may also
include mechanical turbulence and changes in the mean wind
induced by local terrain along the � ight path. For sea-skim-
ming missiles above open waters, the terrain is special in the
sense that the main features, the waves, are relatively small,
periodic, and in motion. If one conceptually pictures the wavy
surface inducing similarly shaped streamlines in the � ow close
to the surface, this would result in wind � uctuations at the
wave frequency, as shown schematically in Fig. 1.

Lesieutre et al.10 did a preliminary investigation of missiles
� ying low over waves based on such an assumption, modeling
the � uctuations as a harmonic oscillation and showing that
wind forcing at typical wave frequencies may lead to control
problems, depending, for instance, on the wave state. The wind
� eld they used as input to their aerodynamics and control sys-
tem simulation is, however, somewhat too simplistic to give
fully representative results. First of all, atmospheric turbulence
is a stochastic process, having frequency spectra with different
characteristics than that of a harmonic wave. Second, the sea
surface is far from being a monotonic two-dimensional wave
train, and � ight paths may take any other direction than that
of the wind or wave propagation.

At the same time, numerous offshore measurements have
found interaction between the waves and turbulence in the sur-
face layer in the form of additional peaks in the turbulence
spectra at the wave frequency.11,12 This seems to be in accor-
dance with the qualitative model suggested in Fig. 1, if one
adds background atmospheric turbulence to a realistic (three-
dimensional, not fully periodic) wave-surface wind � eld per-
turbation. This is shown in Fig. 2, i.e., the total spectrum seen
as the sum of a turbulence spectrum and a wave in� uence
around the wave numbers k of the surface oscillations. In Fig.
2a, both axes are logarithmic, as is custom, and the wave per-
turbation shows up as a single relatively small peak. However,
plotting the � gure in linear scaling (Fig. 2b) shows how the
energy contained in such a wave in� uence is much higher than
the energy of the turbulence in the same spectral region.

The simulations in this paper are based on a model that takes
wave-in� uence effects into account.13 The analysis starts by
dividing the instantaneous wind velocity vector u into three
parts: 1) mean velocity U, 2) atmospheric turbulence u9 as in

standard Reynolds decomposition, and 3) so-called wave-in-
duced � uctuations uw

u = U 1 u 1 u = U 1 (u9, v9, w9) 1 (u , v , w ) (1)w w w w

where the rules of Reynolds decomposition apply for both
types of � uctuations = = = = = = 0).(u9 v9 w9 u v ww w w

The atmospheric turbulence is de� ned as the part of the total
� uctuations that is not correlated to the wave elevation h(x, y).
[Generally, a wave surface is also a function of time t, h =
h(x, y, t), as are the velocity � uctuations u9 and uw, but as will
be shown later, we will only consider an instantaneous wind
– wave situation and will therefore not take t into considera-
tion.]

R (Dx, Dy, z) = u9(x)h(x 1 Dx, y 1 Dy) [ 0 (2)u9h

whereas uw is the correlated part and thus a deterministic func-
tion of the wave surface

R (Dx, Dy, z) = u (x)h(x 1 Dx, y 1 Dy) = f (Dx, Dy, z)u h ww

(3)

where the overbar represents the mean in the (x, y) plane.
These de� nitions further imply that

R (Dx) = u9(x)u (x 1 Dx) = 0 (4)u9u ww

which is to say that there is no correlation between the at-
mospheric turbulence and the wave-induced � uctuations. The
total two-point correlation then takes the following form (leav-
ing the coordinates out for simplicity):

R = (u 2 U )(u 2 U ) = (u9 1 u )(u9 1 u )uu w w

= u9u9 1 u9u 1 u u9 1 u uw w w w

= R 1 R 1 R 1 Ru9u9 u9u u u9 u uw w w w

= R 1 R (5)u9u9 u uw w

The Fourier transform of R ij yields the turbulence spectral ten-
sor Sij

`

S (k) = F{R } = R (x)exp[2ik ?x] dx (6)ij ij ijE
2 `

and because F{ } is a linear operator (F{z 1 h} = F{z} 1
F{h}), we � nd that the total spectrum can be modeled as the
sum of a turbulence spectrum and a wave-in� uence spectrum

S = S 1 S (7)uu u9u9 u uw w

This is qualitatively in good accordance with what is found in
the literature11,12 and was described in the preceding text (Fig.
2), i.e., that spectra above waves contain an extra peak at the
wave frequency. If one removes the wave peak from these
spectra, the remaining part seems to resemble a standard tur-
bulence spectrum, characterized by a cutoff frequency de� ned
by the length scale and a constant rolloff of the form for2 constk
higher wave numbers.

Model Spectra
In our simulations we have used a standard von Kármán

formulation8,14 to describe the atmospheric turbulence spectral
tensor

2( uk u d 2 k k )110p ij i j2 4S (k) = s aij 2 17/69 [1 1 (aL uk u ) ]

a = 1.339, i = x, y, z, j = x, y, z (8)
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Fig. 3 Lu, Lv, and Lw accord-
ing to MIL-F-8785C.

The formulation is based on the theory of isotropic turbulence,
where the standard deviations s of � uctuations and length
scales L are constant in space and in all directions, i.e., invar-
iant to translation and rotation.

This is generally not the case for turbulence in the atmo-
spheric surface layer. Here, the turbulent stresses can be ap-
proximated as being constant with height, but differ between
components. The length scales, on the other hand, are both
different in components and vary strongly with height. To ac-
count for this we used an approach similar to that of Robin-
son,8 who used the von Kármán spectra while varying the
length scales and turbulence levels with height and component.

Measurements of these scaling quantities vary to a certain
extent. We have chosen to use length scales according to
American military standard MIL-F-8785C, shown in Fig. 3.15

The length scale of the vertical � uctuations is approximately
proportional to z, whereas the horizontal � uctuations are of
substantially larger scale.

In the case of the turbulence levels, one usually � nds an
approximate 4:3:2 relation between the x, y, and z components
in the surface layer (the logarithmic region; see, e.g., Hinze16)
in wind-tunnel boundary layers. In a survey of full-scale mea-
surements, Tielemann17 reports the same typically to be the
situation for U < 10 m/s, whereas it tends toward a 2:2:1 ratio
for higher velocities. In our model we have chosen the 4:3:2
ratio, though there is nothing to substantiate that this is the
better choice. The overall turbulence level in the mean � ow
direction is set to 10% of the mean velocity, at z = 10 m (U10),
and constant with height, typical of the results of, e.g., Tiele-
mann.

The wave-induced � uctuations are modeled13 with basis in
the cross spectra between the � uctuations and the surface el-
evation, being of the form

s (z)uwS (k , k , z) = S (k , k ) (9)u h x y hh x yw sh

s (z)vwS (k , k , z) = exp{2(p/2)[sgn(k ) 2 sgn(k )]i}v h x y x yw sh

3 S (k , k ) (10)hh x y

s (z)wwS (k , k , z) = exp[2(p/2)sgn(k )i]S (k , k )w h x y x hh x yw sh

(11)

where Shh(kx, ky) is the wave elevation spectrum.
There are several so-called model spectra for wave eleva-

tion, mainly based on data from offshore measuring stations.
In our simulations we used one of these, the Joint North Sea
Wave Project (JONSWAP) spectrum Shh(v), which is recom-
mended for partially developed waves as found in coastal and
landlocked areas.1 We have in addition used the directional
spectrum (propagation as function of direction) of Hasselmann
et al.18 to transform this frequency spectrum into a two-dimen-
sional spatial spectrum Shh(kx, ky), which is used as input to the
model.

The wave-induced � uctuations decay with height according

to the standard deviations in Eqs. (9 – 11). We have based these
s ratios on the measurements of VenaÊ s et al.,13 where linear
curve � ts give

s (z) 0.055(1 2 0.13z/H )Uu s 10w = (12)
s H /4h s

s (z)uws (z) = (13)vw 2

s (z) = s (z) (14)w uw w

for z/Hs < 7.5, i.e., a 2:1:2 ratio between the components. Note
that these measurements were performed using a rigid wave
surface, thus representing zero wave velocity C. This is natu-
rally not realistic but, as the wave velocity and direction may
be any other than those of the wind, this represents one ex-
treme of the situation U > C. It may be useful to compare
similar experiments for other values of U/C to these results.

Simulation Model
As stated in the Introduction, Monte Carlo simulations are

based upon sending random signals through suitable � lters. In
Fourier space this takes the form of a multiplication of the
Fourier transforms of hfg(x) and a random input g(x)

^(k) = * (k)&(k) (15)fg

If F2 1{ } is the inverse Fourier transform, a realization of the
process f is now obtained as

2 1f = F {^} (16)

In our simulations we use white noise wn as input, i.e., a signal
that is totally uncorrelated to itself. The power spectrum of
this signal is uniform in the mean, signifying that the energy
is equally distributed at all frequencies

2S (k) = F{R (x)} = s (17)w w w w wn n n n n

where is the variance of the signal. *fg is found from one2s wn

of the two formulas19

2S = u* u S Þ * = S /S (18)Ïff fg gg fg ff gg

S = * S Þ * = S /S (19)fg fg gg fg fg gg

where Eq. (18) represents only the gain factor, whereas Eq.
(19) also includes the phase difference between the two sig-
nals. If Sff is the power spectrum of the desired output, and the
input is white noise, we get the � lters

* = S /S = (1/s ) S (20)Ï Ïfg ff gg w ffn

* = S /S = (1/s )S (21)fg fg gg w fwn n

Generally, when simulating a turbulent velocity � eld, one
may be interested in the three-dimensional velocity vector in
three-dimensional space, possibly as a function of time. How-
ever, the fact that the missile travels at a speed at least one
order of magnitude higher than that of the wind allows one to
approximate the instantaneous velocity � eld as frozen (in the
sense of Taylor’s hypothesis for turbulent � ows), so that we
can simulate solely in space.

The different wind � uctuations are generally correlated to
each other, and this can be accounted for by using a number
of independent white noise inputs 0n1,2,3 and � lters *ij, for
instance, on the form

* 0 0 0 8911 n1

* * 0 0 = 99 (22)21 22 n2F G F G F G
* * * 0 0931 32 33 n3



172 VENAºS AND SÆTRAN

Fig. 5 Phenomenological simulation: vertical wind components
in (x̂, z) plane along mean wind direction a) w9/U10, b) ww/U10, and
c) w/U10.

Fig. 4 De� nition of trajectory-following coordinate system (x̂, ŷ,
z).

*ij can be designed from the power spectra Sij as shown in
Robinson.8 Based on the model formulated in Eqs. (9 – 11), one
could then have de� ned � lter functions of this type and sim-
ulated the full velocity � eld in three dimensions.

There are, however, some problems to this. First, to include
all correlations, the simulation domain has to be three-dimen-
sional, which is computationally demanding and produces a
large amount of redundant data because the missile traverses
the domain along a single trajectory. Second, such a simulation
is dif� cult and time-consuming because the length scales, and
thus the spectra, vary signi� cantly with altitude through the sur-
face layer, and this has to be accounted for. Based on this, it
was chosen to simulate the three different atmospheric turbu-
lence components independently to create a more � exible model

* 0 0 0 89uw n1n

0 * 0 0 = 99 (23)vw n2F G F G F Gn

0 0 * 0 09ww n3n

This is not strictly physically correct, as we lose the intercor-
relation between the different turbulence components. How-
ever, because the vertical component was considered the single
most important issue (it directly alters the angle of attack in
the most critical direction), Eq. (23) was considered a fair ap-
proximation.

This approach further allows one to perform simulations
along � ight trajectories by de� ning a trajectory-following co-
ordinate system (x̂, ŷ, z), where the top symbols signify that
the axes have been rotated an angle a to follow the � ight path,
while z is kept vertical (Fig. 4). It follows that the turbulence
is isotropic in the (x, y) plane (Lu and Lv are equal), and that
Sij thus is invariant to rotation in this plane. The anisotropy
included in the turbulence levels, however, follows the wind
coordinates and has to be rotated according to a.

The wave-induced � uctuations are all deterministic func-
tions of h(x, y) and are therefore fully correlated to each other.
Filter functions including the intercorrelations can be found by
combining Eqs. (19) and (20), so that

S (k , k , z) s (z)u h x y uw w* = * * = * = S (24)Ïuw uh hw hw hhn n nS (k , k ) s shh x y h wn

S (k , k , z)v h x yw* = * * = *vw wh hw hwn n nS (k , k )hh x y

s (z)vw= exp{2(p/2)[sgn(k ) 2 sgn(k )]i} S (25)Ïx y hh
s sh wn

S (k , k , z)w h x yw* = * * = *ww wh hw hwn n nS (k , k )hh x y

s (z)ww= exp[2(p/2)sgn(k )i] S (26)Ïx hh
s sh wn

where = (kx, ky) is the transfer function between the* *hw hwn n

wave surface and white noise. The intercorrelations are auto-

matically accounted for in the model by simulating the � uc-
tuations in the two-dimensional (kx, ky) plane, scaling for height
using Eqs. (12 – 14) and applying the same white noise source
for all three � uctuations.

The total simulation model is thus of the form

* 0 0 0 * 89 1 8uw n1 u w wn w n

0 * 0 0 1 * [0 ] = 99 1 9vw n2 v w n4 wF G F G F G F Gn w n

0 0 * 0 * 09 1 0ww n3 u w wn w n

(27)

where the two types of � uctuations are simulated separately.

Phenomenological Simulation
As argued in the preceding text, probably the most important

wind component in our case is the vertical one. The turbulence
length scales de� ne the cutoff frequency of the spectra and
change signi� cantly throughout the surface layer. The char-
acteristic scale for the wave in� uence, on the other hand, is
the wavelength. In high seas, say, Hs = 5 m, the wavelength
will typically be on the order of 100 m or more,3 and the
spatial scale of the wave-induced � uctuations will thus be sub-
stantially larger than those of the vertical turbulence. To get
an impression of this, Fig. 5a shows a cut along the (x, z)
plane of turbulence � uctuations from a three-dimensional sim-
ulation. Figure 5b shows the wave-induced � uctuations in the
same plane, and Fig. 5c shows the total � uctuations. Figures
5a – 5c are plotted together with the corresponding simulated
wave surface.

From Fig. 5 we see that the turbulence spatial structures are
very small near the surface and become larger with height.
The wave-induced � uctuations can be perceived as a � ltering
of the wave surface, and we see that there is a positive (up-
ward) perturbation at the windward side of the waves and a
negative one at the leeward sides.

The wave surface used here is a JONSWAP realization, with
characteristic scales set to a wavelength of 100 m and a sig-
ni� cant wave height of 5 m. Even though these values corre-
spond to quite choppy seas, the wave-induced � uctuations are
of a much lower frequency than the atmospheric turbulence.

The color scale in Fig. 5 is nondimensionalized with U10,
and we see that the total values reach � uctuation levels of
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Fig. 9 Simulated w for � ight path along wind/wave – curve –

cross-wind/wave.

Fig. 10 Flight path for simulations shown in Figs. 8 and 9.

Fig. 8 Simulated û for � ight path along wind/wave – curve –

cross-wind/wave.

Fig. 7 Simulated û for � ight path along the mean wind/wave
direction.

Fig. 6 Simulated vertical velocities w for � ight path along the
mean wind/wave direction.

approximately 620% of U10 in this short realization. At typical
tough-weather conditions, the wind velocity may be approxi-
mately one-tenth of the missile velocity. Such a situation
would thus lead to frequent perturbations in missile angle of
attack up to more than 61 deg, a gust level for which Lesieutre
et al.10 found possibilities for mission failure when � ying close
to the sea surface.

Simulations Along Flight Trajectories
To exemplify the physics described by the model, we sim-

ulated some relatively basic � ight paths. U10 is set to 25 m/s,
and the wave state is as it was in the preceding text (length,
100 m, signi� cant height, 5 m).

First, the difference between the turbulent and the wave-
induced � uctuations can easily be seen in Fig. 6, which shows
the same situation as before: vertical � uctuations in � ight along
the wind direction. The turbulent � uctuations have a high fre-
quency (length scale 10 m), and the wave-induced � uctuations
have a mean length of about 100 m, in other words, 10 � uc-
tuations per 1000 m. The energy content in the two types of
� uctuations is, however, relatively equal.

Figure 7 shows the � uctuations in the mean wind/wave di-
rection from the same simulation as Fig. 6. We see a remark-
able difference in the character of the two � uctuations: the
turbulence is spread over a much wider frequency range than
the wave in� uence, the low-frequency turbulence � uctuations
lasting several wavelengths while the smaller ones are much
shorter than the waves. Further, even though there is more
energy in the turbulence than in the wave perturbations, the
total � uctuations seem more peaked than the turbulence. This
is because of the extra energy within the relatively narrow
frequency band of the waves.

Both types of � uctuations vary strongly depending on � ight
direction. This point can be seen from Figs. 8 and 9, which
show a simulation along a portion of a � ight path (see Fig.
10) that starts out along the wind direction (x̂ = 0 – 1000 m),
goes through a 1000-m-radius, 90-deg circular curve (x̂ =
1000– 2570 m), and � nally continues 1000 m in the new di-
rection (along the y axis). In the � rst part of the simulation we
can see the same characteristics as in Figs. 6 and 7. However,
through the turn, the characteristics gradually change.

First considering the turbulence, the length scales follow the
trajectory, and the frequency contents remain constant through-
out the curve. The turbulence levels, however, follow the wind
coordinates: we see that the � uctuations along the path are
reduced somewhat, whereas the vertical � uctuations are not
altered.

The greatest differences are found in the wave in� uence. We
see that the frequency contents change in all components. This
is because the � ight direction gradually changes from along
the wind to along the wave tops, and the wave width is not
periodic, as are the wavelengths.13 This is to say, all wave
� uctuations are quite periodic in � ight along the wind but lose
periodicity when at an angle to the wind. The � uctuation lev-
els, on the other hand, follow the wind/wave propagation di-
rection, and the stronger horizontal � uctuation (ûw = uw) turns
in to the perpendicular one with respect to the � ight path after
the curve (v̂w = uw).

Conclusions
This paper provides a model for relatively detailed simula-

tions of turbulence in the atmospheric ocean surface layer, in-
cluding wave perturbation of the wind � eld as caused by the
underlying wave surface. It is shown that the wind � uctuations
may take varying forms, depending upon factors such as � ight
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direction, � ight height, and wave state. Possibly the most im-
portant result of the test simulations reported here is the sub-
stantial difference in frequency contents between purely at-
mospheric turbulence and wave-induced � uctuations. This may
be of crucial importance for the design of control systems for
� ight vehicles operating in this type of climate, such as sea-
skimming missiles.
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