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1. Introduction

Wind gusts are manifestations of turbulence. They are of concern mainly in the at-
mospheric boundary layer (ABL), and particularly in its surface layer because of their
potential destructive e�ects on forests and constructions such as buildings and bridges.
In general wind gusts may depend on local inhomogeneities as well as on horizontal
gradients of meteorological variables like wind velocity, temperature and humidity. We
will simplify things and only consider a horizontally homogeneous ABL. This is also
consistent with the assumption of horizontal homogeneity of the turbulence within each
grid column of the DMI-HIRLAM model.

The simpli�cations we have made imply that gusts generated by downdrafts in deep
convection, that is convection involving a large fraction of the depth of the troposphere,
are not considered. These gusts are of concern, but di�cult to predict because of their
association with deep convection.

In some applications it is assumed that the near surface wind gust Gu=U + �u,
�u � 0, is simply proportional to the near surface mean wind speed U , i.e,

Gu

U
= c(� 1): (1)

This implies
�u

u�0
= (c� 1) � U

u?0
= (c� 1) � CD

�
1

2 ; (2)

where CD = (u�0=U)
2 is the drag coe�cient and u�0 is the surface friction velocity

de�ned by u�0 =
p
�0=�0. In the latter expression �0 is the surface stress and �0 is the

air density at the surface. According to (2) the gust normalized by the surface friction
velocity decreases with increasing surface drag CD, and this is not what is intuitively
expected. The expectation is that Gu is roughly proportional to the maximum mean
wind speed in the ABL. The latter is not (or only weakly) dependent on the local
surface drag. However, for a given horizontal pressure gradient force, the near surface
mean wind speed decreases with increasing local surface drag, implying an increase of
Gu=U in disagreement with (1) and (2). The dependence on surface roughness length
can be taking into account by assigning di�erent constants of proportionality (di�erent
c's) to typical roughness regimes. However, this generalization does not account for the
dependence on static stability, indicated by (2).

Recently Brasseur (Brasseur, 2001) has developed a method, using mean turbulent
kinetic energy (TKE) and buoyant energy within the ABL, to estimate the near surface
wind gust. Upper and lower bounds for the wind gust are also determined. The upper
bound is given by the maximum wind speed in the ABL and the lower bound is estimated
from the local vertical turbulent kinetic energy and the buoyant energy.
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In the present report we develop a wind gust formula based on similarity theory.
The derivation of this formula is presented in section 2. In section 3 we compare wind
gusts calculated from the formula with wind gust observations over the North Sea.
A statistical test is performed in section 4. In this test we compare one year (2000)
of forecasted wind gusts based on the derived formula with observed wind gusts at a
selection of Danish synop stations. To keep forecast errors at a low level the comparison
is restricted to 3 and 6 hourly DMI-HIRLAM forecast with the HIRLAM-E resolution
(that is 0.15� horizontal resolution and 31 vertical levels). Predictions made by the gust
factor formula are qualitatively validated on a severe storm case (3 December 1999) in
section 5. In section 6 we compare the performance of our wind gust formula with the
independent TKE method presented by Brasseur (Brasseur, 2001). Finally, section 7
contains discussion and conclusions.

2. Theory

In the horizontally homogeneous ABL we expect �u to depend on at least the kinematic
stress (�=�), the height z above the surface and the depth h of the ABL. The latter
dependence is expected, because the turbulence usually becomes weak or dies out com-
pletely near the top of the ABL, implying �u=U � 1 at z = h. It should be noted that
turbulence also may occur above the ABL, in particular in connection with jet streams.
This type of turbulence, known as clear air turbulence (CAT), will not be considered
here, although it is of concern for air tra�c.

We will distinguish between two types of ABL's, the convective and the neutrally to
stably strati�ed ABL.

2.1. The neutrally and stably strati�ed boundary layer

Here we will make the simplifying assumption that �u only depends on �=�, z and h.
Then, according to the Buckingham pi theorem, we obtain

�u

u�
= Fs

�
z

h

�
; (3)

where Fs is some as yet unknown function of z=h. Our aim here are to derive a gust
formula applicable for the surface layer. The latter has typically a depth smaller than
0:1h. We therefore expect Fs to be only weakly dependent on z=h in the surface layer.
Furthermore, in the same layer we can regard the turbulence uxes as being constants
and equal to their surface values, denoted by subscript 0. In the surface layer (3) can
therefore be approximated by

�u

u�0
= cn; (4)

where cn is a constant, which in principle can be estimated from �eld measurements.
Equation (4) can be written in the form

Gu

U
= 1 + cn �

p
CD (5)

In the neutral surface layer the drag coe�cient CDn is determined byp
CDn =

k

ln z=zom
; (6)
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Figure 1: Variation of gust factor Gu=U with z=L in the stably strati�ed surface layer
for the roughness lengths z0m=0.001, 0.1 and 0.5m. The gust factors are calculated
with cn=5.2 and S=0

where z0m is the roughness length for momentum. In the stably strati�ed ABL CDs

becomes a rather complex function of two more non-dimensional variables, respectively
� = z=L and S = N �L=u�0, where L is the Monin-Obukhov stability length scale de�ned
by

L = �(�0=�0)3=2 �
 
k � g �Hv0

�0cp�0

!
�1

(7)

and

S =
NL

u�0
: (8)

In the former equation Hv0 is the surface virtual heat ux given by Hv0 � H0 +
0:61cp�v0E0, where H0 is the surface sensible heat ux in Wm�2 and E0 is the surface
moisture ux in kgm�2 s�1. In (8) N =

p
(g=�v)@�v=@z is the Brunt-Vaisala frequency

in the stably strati�ed free atmosphere above the stable ABL. According to the gener-
alized similarity theory for the stably strati�ed surface layer (Zilitinkevich and Calanca,
2000) CDs takes the form

p
CDs = k �

�
ln z=z0m + CuL(1 +

CuN

CuL
� S) � z

L

�
�1

; (9)

where the C-constants in (9) have the values CuL = 2:1 and CuN = 0:4.
Equation (6) and (9) show that the gust factor Gu=U in the neutrally and stably

strati�ed surface layer increases with increasing surface drag in agreement with expecta-
tion (based on the simple argument given previously). It follows from (9) that the gust
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factor for a �xed value of S decreases with increasing stability (decreasing L). Note that
for S = 0, (9) becomes identical with the wellknown form obtained from mid-latitude
�eld experiments (e.g. the Kansas experiment, (Businger et al., 1971)). The variation
of the gust factor (Gu=U) with z=L in the stably strati�ed surface layer is shown in
Figure 1 for S=0 and for the roughness lengths z0m=0.001, 0.1 and 0.5m, respectively.

2.2. The convective boundary layer

In the convective ABL we expect �u to depend on the same parameters as in neutral
and stable conditions. In addition to these parameters we also expect the buoyant
production Bp of TKE, i.e. Bp = �(g=�0)Hv0=�0cp, to be a governing parameter.

We consider two limiting cases A and B. In A the buoyant production of TKE is
signi�cantly smaller than the shear production of TKE, and in B the reverse is true.

In case A we have �u = fA(u�0; z; h) and by nondimensionalization

�u

u�0
= FA

�
z

h

�
� FA(0) = ca: (10)

In neutral (10) should match (4), implying ca = cn.
In case B we have �u = fA(Bp; z; h), where Bp is the buoyant production of TKE.

We then obtain
�u

w�
= FB

�
z

h

�
� FB(0) = cb; (11)

where
w� = (Bp � h)1=3; (12)

is the convective velocity scale (Deardor�, 1972) and cb is a constant. A simple combi-
nation of (10) and (11) yields

Gu

U
= 1 + cb

w�
U

+ cn
u�0
U
: (13)

In case A, u�0 >> w�, which means that (13) becomes approximately identical to (10).
In case B, w� >> u�0, and in this case (13) becomes approximately identical to (11).

If we combine (13) with the corresponding equation valid for the neutrally and stably
strati�ed surface layer we obtain

Gu

U
= 1 + u

�
cb
w�
U

+ cn
u�0
U

�
+ scn

u�0
U
; (14)

where u = 1 � s and s=1 and 0 in the stably and unstably strati�ed surface layer,
respectively.

The values of the constants cb and cn are dependent on how the wind gust is de�ned,
in such a way that their values increase if the time averaging period for the wind gust
is shortened (Krayer and Marshall, 1992).

�u is proportional to the standard deviation (st.dev.) of the uctuating horizontal
wind velocity. Surface layer measurements (over at homogeneous terrain) in neutral
conditions (Garrat, 1992) indicate that �u=u�0 � 2.4 and �v=u�0 � 1.9. Here �u and �v
are the st. dev. of the u and v components of the horizontal wind.
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Figure 2: Variation of gust factor Gu=U with z=L in the unstably strati�ed surface layer
for the roughness lengths z0m=0.001, 0.1 and 0.5m. The gust factors are calculated
with cn=5.2, cb=1.44 and boundary layer height h=1000m

If �U is de�ned by �U =
p
�u2 + �v2 it follows that �U=u�0 � 3.06. Similar measure-

ments in convective conditions (Panofsky et al., 1977) show �u=w� � �v=w� � 0.6 and
hence �U=w� � 0.85. These results yield cb � ct� 0.85 and cn � ct� 3.06. The constant
of proportionality, ct, will be estimated statistically from observations and "predicted
observations" obtained by applying (14). As a �rst guess we assume that ct= 1.7, giv-
ing cb=1.44 and cn=5.20. The variation of the gust factor with z=L in the convective
surface layer for a �xed boundary layer height h=1000m is shown in Figure 2 for the
roughness lengths z0m=0.001, 0.1 and 0.5m. Around neutral strati�cation the magni-
tude of the gust factor changes abruptly as the buoyancy production of TKE changes
from a source to a sink term or vice versa. This is highlighted in Figure 3. Primarily due
to non-stationarity and inhomogeneous surface conditions such as nonuniform surface
temperature and soil wetness, neutral conditions in the ABL are rarely met. Even at
high wind speeds the ow in the ABL will experience patches over which its surface
layer static stability changes sign. A smoothing of the gust factor curves in near neutral
strati�cation in such a way that the gust factors are increased and reduced in weakly
stable and weakly unstable strati�cation, respectively, would attempt to take these ef-
fects into account. An example of such a smoothing is shown in Figure 4. In the latter
the gust factor curve has been smoothed in the interval z=L 2 [-�, �] by applying the
interpolation formula
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Gust factor, near-neutral surface layer 
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 Figure 3: Variation of the gust factor Gu=U in the near-neutral surface layer for rough-

ness lengths z0m=0.001, 0.1 and 0.5m. The gust factors are calculated with cn=5.2,
cb=1.44, S=0 and h=1000m

Gust factor, near-neutral surface layer 
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 Figure 4: Variation of the gust factor Gu=U in the near-neutral surface layer for rough-

ness length z0m=0.5m with and without smoothing in the interval z=L 2[-0.003,0.003],
see text for details. The gust factors are calculated with cn=5.2, cb=1.44, S=0 and
h=1000m
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�
Gu

U

�
mod

= wg �
�
Gu

U

�
��

+ (1� wg) �
�
Gu

U

�
�

(15)

with

wg =

�
�� z=L

2 � �
�2

: (16)

In Figure 4, (Gu=U)�� and (Gu=U)� has been approximated by respectively

�
Gu

U

�
��
� cb �

�
1

k
� h
z
� �
�1=3

+ cn � k

lnz=z0m +  mu(��) (17)

and �
Gu

U

�
�
� cn � k

lnz=z0m +  ms(�)
: (18)

In (17) and (18),  mu and  ms is the non-logarithmic part of the vertically integrated
dimensionless vertical wind shear in the unstably and stably strati�ed surface layer,
respectively (Paulson, 1970).

3. Wind gust measurements at Horns Rev

An example of a time series of gust factors calculated from observed gusts (5 second
means) and mean wind speed (averaged over 10 minutes) at 30m height above mean
sea level is shown in Figure 5. The observations represent conditions over coastal sea at
Horns Rev southwest of Bl�avand (station 6081 in Figure 10). The measurements were
taken on a day (3 December 1999) with strong variations in mean wind speed due to
the passage of an extremely intense extratropical cyclone, which has become known as
the Denmark-cyclone. At 30m the mean wind speed increased from below 10ms�1 in
the morning to nearly 40ms�1 around 18 UTC. The corresponding variation in the 1
hour running mean wind gusts at the heights 15m, 30m and 62m above mean sea level
is shown in Figure 6.

Figure 5 shows considerable variability in the gust factor. In the early morning
hours both observations and satellite images indicate shower activity over the eastern
North Sea and Denmark. Therefore, it is likely that the gust factor peak values in
the early period are associated with shower activity in combination with relatively low
mean wind speeds. According to (14) the gust factor depends on both static stability,
surface roughness length and height above the surface. With the assumption of neutral
strati�cation, a sea surface roughness length z0 = 1mm and cn=5.2, the gust factors
at the heights 15m, 30m and 62m, calculated from (14), takes the values 1.216, 1.202
and 1.189, respectively. Figure 7 depicts di�erences between 1 hour running mean gust
factors at 15m and 62m height and at 30m and 62m height obtained from observa-
tions. The calculated di�erences from (14), and with the assumptions given above, are
respectively, 0.027 and 0.013. Figure 7 shows that only the latter number is in fair
agreement with the measurements. The former number is an underestimation of the
measured di�erence.
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Figure 5: Wind gust factor (full) and 1 hour running mean gust factor (dashed) cal-
culated from observed 30m gusts (average over 5 seconds) and 30m mean wind speed
(10 minutes) at on 3 December 1999 Horns Rev in the North Sea southwest of Bl�avand
(station number 6081 in Figure 10).
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Figure 6: One hour running mean gusts on 3 December 1999 at Horns Rev in the North
Sea southwest of Bl�avand (station number 6081 in Figure 10).
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Figure 7: One hour running mean di�erence of the wind gust factor at heights 15m and
62m (full), and at heights 30m and 62m (dash dotted) on 3 December 1999 at Horns
Rev in the North Sea southwest of Bl�avand (station number 6081 in Figure 10).
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Figure 8: Di�erence in wind gust between heights 62m and 15m (dashed), and be-
tween heights 62m and 30m (full) on 3 December 1999 at Horns Rev in the North Sea
southwest of Bl�avand (station number 6081 in Figure 10).

9



0 2 4 6 8 10 12 14 16 18 20 22 24
Time in hours from 23.59 UTC 990212

1.100

1.149

1.199

1.249

1.299

1.349

gu
st

 fa
ct

or

Neutral(b=0.032) gust fac. at 30m 
Mean gust factor at 30m 
Neutral(b=0.014) gust fac. at 30m 

Data from Horns Rev

 
Figure 9: Observed 1 hour running mean gust factor (dashed) and hypothetical neutral
gust factors with �=0.014 (dash-dotted) and �=0.032 (full) calculated from (20) using
observed 30m mean wind speeds at Horns Rev.

The gust di�erences in Figure 8 show that the gusts at 15m are considerably damped
in certain periods, indicating that the ow at this level is signi�cantly perturbed by the
sea waves. This may be one reason why the gust factors calculated from observations at
this level generally are higher than expected from (14). In contrast the gust di�erence
between the heights 62m and 30m is much smoother. Furthermore, the dashed curve in
Figure 5 shows that the gust factor 1.201 obtained from (14) represents the data quite
well. Both an increase in static stability and a decrease in z0 will reduce the gust factor,
while a decrease in static stability and an increase in z0 has the opposite e�ect. Part
of the variation in the gust factor and its 1 hour running mean is undoubtly due to
variations in both static stability and surface roughness length.

An impression of the contribution from a variable z0 to the observed variability
in the gust factor is obtained from Figure 9. This �gure shows, in addition to the 1
hour running mean gust factor at 30m, two hypothetical gust factor curves. The latter
curves are calculated from the observed mean wind speed at 30m by assuming neutral
strati�cation and using Charnock's relation

z0 = �
u�

2

g
(19)

with �=0.032 and �=0.014, respectively. The resulting equation

F (u�) = 2 � u� ln uc
u�

� k � U = 0 (20)

is solved iteratively by using the �rst guess u�=0.04�U and in each iteration incrementing
u� by

�u� =

�
�2 � (ln uc

u�
� 1)

�
�1

� F (u�) (21)
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with the constraint u� + �u� > 0 or equivalently, in the �rst guess requiring that u� <
0:5�k�U . In (20) and (21) uc is a Charnock wind speed de�ned by uc =

p
z � g � ��1. Note

that uc(z0) = u�. The iteration method is very fast. Applied to the data from Horns
Rev it only requires 1 to 3 iterations to obtain the accuracy jF (u�)j < 10�5. Even the
unrealistic �rst guess u� = U only requires 5 to 8 iterations to get an accuracy higher
than 10�5. The curve with �=0.014 appears to give a better �t to the observations
(dashed curve in Figure 9) than the curve with �=0.032, in particular in the period
with high wind speeds. Still, there are periods with considerable di�erences between the
observations and the hypothetical curves. Variation in the surface layer static stability
contributes to these di�erences, but its e�ect can not be easily quanti�ed, because
data about the surface layer static stability is not available. However, it is clear from
Figures 1, 2 and 3 that unstable and stable strati�cation is associated respectively with
an increase and a decrease in the gust factor.

The static stability also a�ects z0 calculated by (19). At a given mean wind speed
z0 is higher/lower than its neutral value if the surface layer is unstably/stably strati�ed.
This ampli�es the deviation of the gust factor from its neutral value in both unstable
or stable strati�cation.

The data in Figure 9 represents 3 frontal passages. The observations (sea level
pressure, temperature, relative humidity and wind velocity) and satellite images show a
warm front passage between 9 and 11 UTC, a cold front passage between 13 and 15 UTC
and a bent-back warm front passage between 16 to 19 UTC. During the frontal passages
the assumption of horizontal homogeneity is clearly violated, and the applicability of (14)
in such conditions is questionable. It can be noted from Figure 9 that the gust factor
decreases during the warm front passage and increases rapidly during the cold front
passage. In the warm sector (from about 11 to 13 UTC) the gust factor is relatively low
and increases at a rate corresponding to the hypothetical neutral curve with � = 0:014.
In the warm sector the surface layer is likely to have a weak stable strati�cation, which is
in accordance with the observed low gust factors. Likewise the air on the cold side of the
cold front is likely to have a weak unstable strati�cation in accordance with the observed
high gust factors. The bent-back warm frontal zone usually is stably strati�ed. Again,
this is qualitatively in agreement with the observed variation of the gust factor from
about 16 to 19 UTC. As the station enters the frontal zone the gust factor decreases,
and, as it moves out again, the gust factor increases. It is not possible to draw any
�rm conclusion about the applicability of (14) based on the comparison with the Horns
Rev data, although the major trends in the gust factor variability appears to be well
captured by the formula. A more thorough statistically based validation is presented
in the next section. In section 5 the Horns Rev data is further discussed in connection
with a case study of the Denmark-cyclone.

4. Forecasted versus observed gusts

4.1. Wind gust observations

In the present study we will utilize wind gust measurements from Danish synop stations
to validate the gust factor formula in (14). Traditionally, the 3 hourly (or sometimes
6 hourly) reports contain the maximum observed wind gust within the last 3 hours
(occasionally 6 hours).

11



0 25 50 75 100

K m

7
7

9
9

11
11

13
13

15

15

0
54

.00
56.00

8.00
58 .00

6043

6052

6058
6075

6079

6081

6096

6108

6124

6141

6149

6151

61566159

6165
6168

6169

6179

6181
6184

6142

Figure 10: Location of Danish synop stations used in the present report.

These wind gusts are not well suited for a comparison with numerical model predicted
wind gusts and are therefore not considered in this report. However, in the last few years
wind gusts have also been reported every 10 minutes at a steadily growing number of
Danish automatic weather stations. The wind gusts in these frequent reports are the
maximum 3 second average wind speed measured within the last 10 minutes. Wind
gusts below 10m s�1 are usually not reported. The latter type of observed wind gusts
are well suited for the present study. As 2000 so far has been the year with the largest
number of automatic weather stations reporting wind gusts frequently, we have chosen
this year for our study.

More speci�cally, the data used in this report is synop measurements at 3,6,15,18
UTC for all months in 2000 and from the automated Danish synop stations shown in
Figure 10. Observations from 00 and 12 UTC are not utilized in the present study,
because 3 and 6 hour forecasts were only run from initial hours 00 and 12 UTC. Some of
the synop stations have been upgraded during the year and from these stations frequent
wind gust observations have only been available from the date of the upgrading. Table
1 shows for year 2000 the monthly number of wind gust observations at each synop
station.

4.2. The forecasted wind gust

The wind gust formula derived in section 2 has been implemented in DMI-HIRLAM-
E. This model has a horizontal resolution of 0.15� and 31 vertical levels. Predicted
wind gusts from the DMI-HIRLAM-E model have been compared with observations as
described in section 4.1. To avoid resource demanding reruns of the DMI-HIRLAM-E
forecasts the wind gusts in this study have been calculated in a post processing step
described below. As the purpose of the comparison was to test the quality of the gust
formula the forecast errors have been kept at a relatively low level by using no longer
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than 6 hour old forecasts from the data archive at DMI. At this short range only 3
and 6 hour DMI-HIRLAM-E forecasts are available in the archive. Of these we have
used forecasts from 00 and 12 UTC in the present study, which means that wind gust
measurements from 21, 00, 09 and 12 UTC are not used. Again this choice was a
compromise between what was desirable and the resources available for the study.

For the test of the gust formula it is important that the data used in the comparison
contains the diurnal cycle of the static stability variation in the surface layer. This is
achieved (to some extent) by utilizing forecasts from both 00 and 12 UTC. With the
given constraint on resources the alternative choice would have been to utilize forecasts
from 6 and 18 UTC, but this choice would require a rerun of these non-archived forecasts.

Table 1: Number of observations distributed at each month and synop stations. For
location of synop station see Figure 10

STATION JAN FEB MAR APR MAY JUN JUL AUG SEP OKT NOV DEC ALL

6141 6 3 2 3 2 1 1 1 19

6052 3 3

6142 4 1 5

6151 4 2 1 1 8

6124 2 2 8 1 3 3 1 4 8 2 5 39

6043 9 7 9 2 6 3 3 3 5 13 8 3 71

6081 10 5 5 1 1 1 2 5 3 33

6108 10 10 7 1 1 3 1 1 5 10 5 5 59

6181 15 17 12 10 5 1 4 7 9 5 3 88

6075 18 11 12 3 8 8 4 1 6 6 77

6165 5 4 4 1 2 2 2 2 6 2 30

6156 5 2 2 1 2 1 1 2 16

6184 21 9 16 8 6 1 3 2 9 3 6 84

6058 14 11 9 3 1 2 1 9 5 5 60

6149 2 3 4 5 2 5 1 1 23

6159 4 1 2 1 8

6168 12 17 11 6 8 3 5 2 9 4 6 83

6096 5 1 1 4 2 13

6079 3 1 1 1 2 1 9

6169 2 1 2 2 2 2 11

6179 11 9 16 1 1 6 2 1 2 3 52

TOTAL 158 112 125 9 57 52 23 28 28 102 43 54 791
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4.3. Wind gust forecasts by post processing

Before calculating the wind gusts in a post processing step the necessary model data
were interpolated to the synop locations shown in Figure 10. By applying this interpo-
lation procedure it becomes a particular problem that several Danish synop stations are
situated on islands or close to the sea. This means that the local roughness length at
these station sites are not representative for the grid square averaged roughness lengths
used in the model. Furthermore, the magnitude of roughness lengths in the model ought
to depend on the wind direction with smaller values if the upwind fetch is predominantly
over sea. This naturally contributes to scatter in plots of observed versus predicted wind
speed. The uncertainty associated with the interpolation of fraction of land and rough-
ness length from the model grid to the synop stations also contributes to the scatter.
For each station the interpolated values of fraction of land and roughness length used in
the wind gust calculation are shown in Table 2. The roughness length over land varies
seasonally. Therefore both roughness lengths for January and June are shown in the
table. It can be seen that the roughness lengths are higher in the growing season (June)
than in winter (January).

Table 2: Model fraction of land, land roughness and sea roughness. Note that roughness
is a function of time. Sea roughness is max. 0.002m. The land roughness is an inter-
polated value to the synop station which underestimates the land roughness because of
the low roughness over sea.

STATION FRLAND JANUARY JUNE

06043 0.590 0.056 0.071

06052 0.336 0.030 0.035

06058 0.098 0.013 0.015

06075 0.563 0.170 0.183

06079 0.028 0.003 0.003

06081 0.254 0.063 0.075

06096 0.500 0.0156 0.025

06108 1.000 0.107 0.132

06124 0.622 0.114 0.133

06141 0.516 0.056 0.074

06149 0.271 0.036 0.045

06151 0.004 0.001 0.001

06156 0.877 0.133 0.156

06159 0.029 0.002 0.002

06165 0.000 0.001 0.001

06168 0.571 0.163 0.184

06169 0.007 0.001 0.001

06179 0.039 0.012 0.015

06181 0.623 0.576 0.592

06184 0.341 0.458 0.466

06142 0.197 0.017 0.024
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Figure 11: Observed versus forecasted 10m land wind speed.

It is indicated by the roughness lengths in Table 2 that the interpolation procedure
results in an underestimation of the roughness lengths at the observation site if the
fraction of land is small. This is particularly apparent at the small island Hessel�
(station 06165 in Table 2 and point 6165 in Figure 10). At this station the fraction
of land is zero, and accordingly, the interpolated roughness length on this island has a
value typical for rough sea.

The sensitivity of observed versus forecasted wind gust statistics on the roughness
length used in the model calculations is investigated in the next subsection.

4.4. Comparison of observed and forecasted wind speed

The accuracy of the predicted wind gusts depends to some extend on the accuracy of
the predicted mean wind speed. Therefore, the quality of the predicted 10m mean wind
speeds will be investigated before we proceed to the evaluation of predicted 10m wind
gusts against observed 10m wind gusts.

The scatter plots in Figures 11, 12 and 13 clearly show that the best result is obtained
if the observed 10m wind speed is compared with the predicted 10m wind speed over
fraction of land (the land wind speed in Figure 11). The forecasted 10m wind speed
over fraction of sea (the sea wind speed) has a signi�cant positive bias, as shown by
Figure 12. Figure 13 shows that the positive bias is reduced somewhat if the observations
are compared with forecasted 10m area averaged wind speeds (i.e. a fractional weighted
average of the forecasted fraction of land and fraction of sea wind speeds).
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Figure 12: Observed versus forecasted 10m sea wind speed.
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Figure 13: Observed versus forecasted 10m area averaged average wind speed.
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Figure 14: Observed versus forecasted 10m land wind speed at Vamdrup (station num-
ber 06108).
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Figure 15: Observed versus forecasted 10m sea wind speed at Hessel� (station number
06165).
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Note that also the forecasted land wind speed (Figure 11) has a positive, but sig-
ni�cantly smaller bias. The latter result is consistent with current operational obs-
veri�cation results (Nielsen and Amstrup, 2001).

According to Table 2 there is only one pure land station (06108 Vamdrup) and one
pure sea station (06165 Hessel�) in the list. The scatter plot in Figures 14 con�rms that
the forecasted 10m wind at a land station with fraction of sea equal zero has a small
positive bias. Figure 15 indicates that the local roughness length on a small island as
Hessel�, having an interpolated fraction of land equal to zero, has a signi�cant impact
on the observed 10m wind speed. The use of a sea roughness length at such a location
apparently results in a signi�cant positive bias in the forecasted 10m wind speed. The
same holds for other locations with a small interpolated fraction of land (for example
station 06151, 06079 and 06159 in Table 2). It shows up as a clear positive bias in the
predicted 10m area averaged wind speed in Figure 13.

4.5. Comparison of observed and predicted wind gust

The wind gust is expected to be less inuenced by the local roughness length than the
mean wind speed. This is con�rmed by the scatter plots in Figure 16 and Figure 17.
These �gures show that it makes little di�erence whether the predicted gust is calculated
over fraction of land, as in Figure 16, or it is calculated over fraction of sea, as in
Figure 17.

It can be proved that Ul=Us < Gl=Gs, where U is the mean wind speed and G the
wind gust. Subscript l and s denote land and sea (or high and low surface roughness
length), respectively. For the sake of simplicity we consider neutral strati�cation. From
(5) follows

Gl

Gs
=
u
�l

u�s
� cn + k�1 ln z=z0l
cn + k�1 ln z=z0s

= fa � fb; (22)

in which fa=u�l=u�s and fb=(cn + k�1 ln z=z0l)=(cn + k�1 ln z=z0s). From (6) and the
de�nition of CDn we also have

Ul
Us

=
u
�l

u�s
� ln z=z0l
ln z=z0s

: (23)

Combining (22) and (23) yields

(Ul=Us)

(Gl=Gs)
=
k � cn � xl + xl � xs
k � cn � xs + xl � xs < 1; (24)

in which xl=ln z=z0l and xs=ln z=z0s. A quantitative estimate can be obtained from a
general form of the drag relations (Arya, 1977)

k � Ur=u� = ln zr=z0 � Ar; (25)

k � Vr=u� = �Br � signf; (26)

in which Ur and Vr are the horizontal components (in the direction of surface shear
and perpendicular to it, respectively) of mean velocity vector ~Vr at height zr (above the
matching layer). For a barotropic, neutrally strati�ed ABL (25) and (26) are replaced
by
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Figure 16: Observed gust versus forecasted gust at 10m height based on forecasted wind
speed over fraction of land.
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Figure 17: Observed gust versus forecasted gust at 10m height based on forecasted wind
speed over fraction of sea.
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Figure 18: Ratio of 10m land and sea wind speed (full) and ratio of the corresponding
wind gusts (dashed) for a neutral, barotropic case. ABL height over sea is speci�ed as
hs = 0:2 � u�s=f and z0l =0.1m. Surface roughness length z0s is calculated as for the
dash-dotted curve in Figure 9.

k � Vg=u� =
�
(lnh=z0 �AN )

2 +BN
2)
�1=2

: (27)

Here Vg is the geostrophic wind speed, h = zh is the height of the ABL and AN , BN

are neutral, barotropic values of the similarity functions Ah, Bh. For Vgs = Vgl we get
from (27) and the de�nition of fa

fa =

 
(lnhs=z0s � AN )

2 +BN
2

(lnhl=z0l � AN )
2 +BN

2

!1=2

; (28)

in which hl and hs are the ABL heights over land and sea, respectively.
In neutral strati�cation the ABL height is often estimated as hN = ch �u�=jf j, where

f is the Coriolis parameter and ch a constant (�0.2). Figure 18 shows an example of
hypothetical variations of Gl=Gs and Ul=Us based on data from Horns Rev. The shown
curves are calculated from (22), (23) and (28) by using hl = fa � hs, hs = 0:2 � u�s=jf j,
z0l=0.1m, f = 1:2 � 10�4 s�1, AN=1.0, BN=3.0 and ch=0.2. The values of z0s are
identical with those calculated from (20) with �=0.014 (giving the dash-dotted gust
factor curve in Figure 9). Equation (28) is written as

F (fa) = fa
2 � Cl � Cs = 0; (29)

in which Cl = (ln(fa � hs=z0l)� AN )
2 +BN

2 and Cs = (ln(hs=z0l)�AN )
2 +BN

2. This
equation is solved iteratively from a �rst guess given by (28) with hl replaced by hs and
by incrementing fa by �fa = �F (fa)=((1+ 2 �Cl) � fa). Figure 18 clearly shows that the
wind gust is less sensitive to local surface roughness length than the mean wind speed.
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Figure 19: Observed gust versus forecasted gust at 10m height for winter (October to
March). Forecasted area averaged wind speed is used in the gust calculation.
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Figure 20: Observed gust versus forecasted gust at 10m height for summer (April to
September). Forecasted grid area averaged wind speed is used in the gust calculation.
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Figure 21: Observed gust versus forecasted gust at 10m height for cases with stable
strati�cation in the surface layer. Forecasted land wind speed is used in the gust calcu-
lation.
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Figure 22: Observed gust versus forecasted gust at 10m height for cases with unsta-
ble strati�cation in the surface layer. Forecasted land wind speed is used in the gust
calculation.
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The data has been split into winter (October to March) and summer (April to
September) parts. Scatter diagrams for these half-year seasons are shown in Figure 19
and Figure 20, respectively. In both seasons the points are distributed around the line
y = x with only few predicted gusts deviating more than 5m s�1 from the observed value.
A majority of these points has a predicted gust larger than the observed, consistent with
a positive bias of the predicted area averaged wind speed (see Figure 13). Comparison
with Figure 16 indicates that the scatter is slightly reduced in Figures 19 and 20 if the
forecasted area averaged wind speed is replaced by the forecasted land wind speed. The
lower number of gust observations in the summer half-year is mainly a consequence of
the climatological decrease in mean wind speed from winter to summer and the custom
of not reporting wind gusts lower than 10m s�1.

The gust factor calculated from (14) depends (among other parameters) on static
stability in the surface layer. It is therefore relevant to consider separately data with
predicted stable and unstable strati�cation. Scatter plots of these data are presented
in Figure 21 and Figure 22, respectively. In both data sets a tendency for more points
above than below y = x is seen. This is consistent with a weak positive bias in land
wind speed, as noted in subsection 4.4.

4.6. Gust factors

The observed 10m gust factor versus observed 10m mean wind speed for the data ap-
plied in the present study is shown in Figure 23. Regardless of the considerable scatter
the �gure unveils a clear nonlinear relationship between mean wind speed and gust fac-
tor. Both variation in stability, surface roughness length and boundary layer height
contributes to the scatter. It is believed that the scatter is considerably reduced if the
gust factor at each observation site is plotted as function of the stability parameter
z=Lv, where Lv is de�ned by (7). We are unable to do this, because of lacking informa-
tion about static stability. However, due to the similarity between Figure 23 and the
corresponding Figure 24, showing forecasted gust factor (based on predicted land wind
speed) versus observed land wind speed, we can indirectly show that a plot of observed
gust factor versus observed z=Lv is likely to contain less scatter. Before doing this it
should be noted (in connection with the intercomparison of Figure 23 and Figure 24)
that observed wind gusts below 10m s�1 are only occasionally reported. There is no such
constraint in the forecasts. Consequently, the number of observed gust factors smaller
than 10=U is lower than the corresponding number of predicted gust factors. It should
also be noted that the forecasted gust factors (using forecasted sea wind speed) plotted
versus observed 10m wind speed, shown in Figure 25, and representing conditions over
sea, has much less similarity with Figure 23.

Figure 26 shows forecasted gust factor as function of forecasted z=Lv for Hessel�
(06165), M�n (06179) and Vamdrup (06108). The gust factors for each station follow
curves similar to those in Figure 3. The scatter seen in Figure 26 on the stable side
(z=Lv > 0) is due to the seasonal variation of z0l (stations 6108 and 6179) and the
variation of z0s with wind speed (stations 6179 and 6165). The scatter on the unstable
side (z=Lv < 0) is due both to variations in surface roughness length and ABL height.
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Figure 23: Observed gust factor Gu=U versus observed 10m wind speed.
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Figure 24: Forecasted 'land` gust factor Gu=U versus observed 10m wind speed. Fore-
casted area averaged wind speed is used in the gust factor calculation.
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Figure 25: Forecasted 'sea`gust factor Gu=U versus observed 10m wind speed. Fore-
casted sea wind speed is used in the gust factor calculation.
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Figure 26: Forecasted 10m gust factor versus 10=Lv for Hessel� (6165), M�n (6179)
and Vamdrup (6108). Forecasted area averaged wind speed is used in the gust factor
calculation
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It is demonstrated by Figure 26 that a given mean wind speed, occurring at di�erent
stabilities, di�erent surface roughness lengths and (in case of unstable strati�cation) at
di�erent ABL heights leads to scatter in the forecasted and observed gust factor plotted
versus mean wind speed. Therefore, it is plausible that this explains a major part of the
scatter in Figure 23 and Figure 24.

5. A case study

The statistical validation of the predicted wind gusts calculated from (14), presented in
subsections 4.5 and 4.6, indicates that the wind gust is predicted with approximately
the same accuracy as the 10m wind speed. The present validation therefore indicates
that the �rst guess ct=1.7, giving cn=5.20 and cb=1.44 (see section 2.2), is a realistic
choice. However, the validation data set is limited, and a future adjustment of ct can
not be excluded as more validation data becomes available.

It has been shown so far that (14) behaves satisfactorily in a statistical sense. The
case study presented below also demonstrates its potential in individual cases. We have
selected the Denmark-cyclone case (3 December 1999) for three reasons. First of all, from
this case we have high quality wind gust measurements over sea. These measurements
have been analyzed in some detail in section 3. Secondly, extreme wind gusts of about
100 knots were recorded at a few locations along the southern part of the Danish North
Sea coast. Furthermore, in association with passages of frontal bands (a warm front
followed by a cold front, which again was followed by a bent-back warm front) both
stably and unstably strati�ed ABL's become represented in this case. Thirdly, the
Danish Meteorological Institute (DMI) has made a quite accurate (non-operational)
forecast of this storm 36 hours in advance. This forecast has been rerun with unchanged
resolution (i.e., 0.15� and 50 levels) on a sub domain centered over the North Sea for a 5
hour period beginning at 09 UTC on 3 December with the gust factor code implemented,
and applying hourly updated boundary �elds from the original run. The di�erence in
10m wind speed between the rerun and the original run has been checked and found to
be less than 1m s�1.

Figure 27 shows for the Denmark-cyclone case a 24 hour forecast of wind gust and
gust factor valid for 12 UTC on 3 December 1999. The sharp horizontal gradient in
the gust factor �eld (extending from the central North Sea to the west coast of Jut-
land) coincides with the surface warm frontal zone, while the somewhat weaker gradient
extending from the central North Sea to East Anglia coincides with the surface cold
frontal zone. It can be seen that a maximum in wind gust is located in a low level jet,
blowing from the cold air north of the surface warm front, curving cyclonically around
the cyclone center (southwest of the junction between the surface warm and cold front)
and behind the surface cold front aring out in a broad stream with maximum wind
gusts between 70 and 80 knots.

The surface frontal structure of the cyclone is seen even more clearly in the convective
velocity scale (w�) and the turbulent surface sensible heat ux depicted in Figure 28.
According to this �gure w� attains a maximum of more than 3m s�1 in the low level
jet (the cold conveyor belt (Browning, 1990)) on the cold side of the surface warm front
and its backward extension into a developing bent-back warm front.
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Figure 27: 24 hour forecast of wind gust (shading in intervals of 10 knots) and gust
factor (full curves, only contours 1.2, 1.25, 1.3, 1.4 and 1.5 are drawn) valid at 12 UTC
on 3 December 1999.
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Figure 28: 24 hour forecast of surface sensible heat in wm�2 (dashed, with contour
interval 50Wm�2 and shading for downward ux) and convective velocity scale in m s�1

(full, with contours 0.1 and 0:5m s�1 and thereafter every 0:5m s�1) valid at 12 UTC
on 3 December 1999.
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Figure 29: Wind gust observations in knots at 12 UTC on 3 December 1999. Stations
reporting gusts every 10 minutes (code 910, black triangles), stations reporting gusts
every 3 or 6 hours (code 911, black squares) and ship reports (black dots).

28



Not surprisingly, the regions with large w� coincide with regions of large negative
(upward) surface sensible heat ux (< -150wm�2). In the forecast the warm sector of
the cyclone is stably strati�ed with a positive sensible heat ux and (over sea) a negative
latent heat ux (not shown). As the zero contour for w� coincides with the zero contour
for the surface virtual heat ux Hv0 (de�ned in subsection 2.1) the contour w�=0:1m

�2

in Figure 28 becomes located in the shaded region with positive (downward) sensible
heat ux.

According to Figures 27 and 28 the horizontal gradient of the 10m gust factor is
mainly a result of the variation in surface layer static stability in terms of z=Lv and to
a lesser degree due to variation in z0s. According to Figure 9 the latter contributes to
the gust factor variation at 30m height by no more than 0.05. Over the North Sea the
predicted 10m gust factor is typical between 1.22 and 1.24 in the stably strati�ed warm
sector of the cyclone, while peak values of more than 1.40 are predicted in the unstably
strati�ed cold conveyor belt. The prediction is seen to be in qualitative agreement
with the observations at Horns Rev discussed in section 3. Furthermore, the predicted
wind gusts in Figure 27 are in overall good agreement with the verifying observations
presented in Figure 29.

6. Comparison of wind gusts predicted by two alternative methods

In this section we compare results from the similarity-method (14) developed and tested
in the present report with another recently developed and conceptually di�erent TKE-
method (Brasseur, 2001). As TKE is a prognostic variable in DMI-HIRLAM ((Cuxart
et al., 1995) and (Sass et al., 2000)) this comparison can be done without big e�orts.

In the TKE-method the wind gusts are estimated by assuming that a parcel owing
at a given height will be able to reach the surface if the mean TKE of large turbulent
eddies is greater than the buoyant energy between the surface and the parcel height.
This condition takes the mathematical form

1

zp
�
Z zp

0

E(z) � dz �
Z zp

0

g � ��v(z)
�v(z)

� dz; (30)

where E(z) is the local TKE, zp is the height of the considered parcel, g is gravity, �v(z)
is the virtual potential temperature and ��v(z) is its di�erence across a given layer
centered at z. A parcel from level zp reaching the surface arrives with the wind speedq
U2(zp) + V 2(zp). Parcels from di�erent levels arrive at the surface with di�erent wind

speeds. The wind gust Wg is therefore estimated by

Wg = max[
q
U2(zp) + V 2(zp)]; (31)

for zp satisfying (30). Figure 30 and Figure 31 show that both methods give acceptable
results, but the tendency for the TKE-method (Figure 31) to predict too high wind
gusts, in particular at high gust speeds, should be noted. It has not been explored
whether this trend can be explained by the assumptions leading to (30) or it is a result
of the applied TKE parameterization scheme.
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Figure 30: Predicted 10m wind gust Gu from the similarity method (equation (14))
versus observed 10m wind gust. Observations are from Danish synop stations in year
2000 (see Tables 1 and 2).
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Figure 31: Predicted 10m wind gust Wg from the TKE-method (equation (30))
(Brasseur, 2001) versus observed 10m wind gust. Observations are from Danish synop
stations in year 2000 (see Tables 1 and 2).
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7. Discussion and conclusions

A gust factor formula based on surface layer similarity (the similarity-method) has been
developed. The formula has been tested (in a qualitative sense) against observations
at an o�-shore wind mill farm in the North Sea (Horns Rev) on a day (3 December
1999) with record high wind speeds at the North Sea coast of Jutland. For year 2000
predictions (3 and 6 hours from 00 and 12 UTC) of wind gust and gust factor by the
similarity-method have been validated against observations at a number of Danish synop
stations. Equally good results are obtained for cases with stable and unstable surface
layer stability, although the result for the unstable class is less certain, because of the
low number of observations in this class. A similar, but less detailed, validation has
been made for an alternative and conceptually di�erent method based on TKE (the
TKE-method). Both methods give comparable results, but with a tendency for the
TKE-method to predict too high wind gusts, in particular at high gust speeds.

The similarity-method predicts wind gusts with an accuracy similar to the accuracy
of the predicted wind speeds.

In a case study (3 December 1999) the major part of the predicted variability in the
gust factor over sea, calculated by the similarity-method, is shown to be due to variation
in surface layer stability. Only a minor part of the variation is due to variation in the
sea surface roughness length. The resulting relatively large horizontal gradient of the
gust factor in the surface frontal zones of the Denmark-cyclone is shown to be in good
qualitative agreement with observations from Horns Rev.

The similarity-method has some limitations. Theoretically it is only well justi�ed in
a horizontally homogeneous surface layer. However, the presented case study indicates
that the method also gives applicable results in cases involving surface fronts with con-
siderable horizontal gradients of both temperature, humidity and wind velocity. It is
likely to be a more serious limitation that the method only considers gusts generated
by turbulence internally in the ABL. Gusts associated with externally generated tur-
bulence, such as turbulent downdrafts in deep convection, are not taken into account.
A successful prediction of the latter wind gusts depends primarily on the ability of the
model to predict deep convection and secondarily on how realistic these gusts are pa-
rameterized. The latter parameterization is most naturally done in the parameterization
scheme for deep convection.

Generalization of the gust factor calculation to include gusts generated in deep con-
vection will be a part of future work on prediction of wind gusts. This work will also
involve a reassessment of the value of the adjustment parameter ct as more observational
data becomes available.
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